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Kastelowitz-Lieberman, Noah (Ph.D., Biochemistry) 

Effects of membrane shape and lipid composition in extracellular vesicle and platelet 

biology 

Thesis directed by Prof. Hang Yin 

 

In this work, I examine the importance of fundamental properties of lipid 

membranes, such as membrane curvature or lipid composition, in the context of 

extracellular vesicle and platelet biology.  Although differing in biologic function, both 

extracellular vesicles and platelets are comparatively small in size, anucleate, and 

expose phosphatidylserine on their outer membrane leaflet.  Phosphatidylserine is an 

anionic lipid that is generally sequestered to the inner leaflet of bilayer membranes.  The 

exposure of phosphatidylserine on the outer membrane leaflet of extracellular vesicles 

appears necessary for their signaling, and the exposure of phosphatidylserine on 

platelets facilitates the assembly of enzymatically active coagulation protein complexes.  

I first highlight the basic biology of extracellular vesicles and address biochemical and 

biophysical detection methods that depend on the lipid composition and particle size of 

the extracellular vesicles.  Next, I use all-atom molecular dynamics simulations to show 

that increasing the lateral density of lipids can induce a bilayer membrane to form a 

curved shape.  These membranes provide a model system for studying interactions in 

curved membranes, as well as demonstrate that curved membranes display an 

increased number of lipid packing defects.  Next, I adapt theoretical models of 

membrane-membrane interactions to examine the interaction energies between 

extracellular vesicles and cells.  These estimates show that smaller vesicles such as 
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exosomes are more likely to signal via endocytosis, while larger vesicles like 

microvesicles are more likely to signal via receptor-ligand interactions.  Finally, I 

examine the effects of phosphatidylserine-targeting peptides on the platelet 

procoagulant response.  I show that these peptides can compete with coagulation 

factors for phosphatidylserine binding sites and target phosphatidylserine exposed on 

activated platelets in vitro and in vivo.  Together, this work supports a broader 

understanding of how membrane shape and lipid composition influences, and is a 

potential target for modulation of, the biology of extracellular vesicles and platelets. 
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Chapter 1 

 

 

Introduction and background - Exosomes and microvesicles: identification and 

targeting by particle size and lipid chemical probes 

 

 

This chapter has been published as Kastelowitz, N. & Yin, H. Exosomes and 

Microvesicles: Identification and Targeting By Particle Size and Lipid Chemical Probes. 

Chembiochem 15, 923–928 (2014). 

 

1.1 Introduction 

1.1.1 Ferrying cargo with extracellular vesicles 

Microvesicles and exosomes, collectively referred to as extracellular vesicles in 

this review, are submicron sized lipid containers released by cells. Both types of 

extracellular vesicles have an aqueous, cargo-containing core surrounded by a roughly 

spherical bilayer membrane. Arrival of the vesicles at a distant site and fusion with 

targeted cells allows transport of cargo as diverse as nucleic acids (DNA, mRNA, and 

microRNA), proteins, and lipids, facilitating important cell-cell communications.1,2 

Packaging the cargo in lipid vesicles protects the contents from extracellular 

degradation and allows for more precise targeting of the contents.1,3 Packaging also 
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provides temporal signaling control through the simultaneous delivery of an array of 

signaling molecules. Binding of vesicles to target cells is a specific interaction that is 

likely dependent on receptor mediated association, e.g., microvesicles originating from 

platelets interact with monocytes but not neutrophils.4,5 A recent increase in 

understanding of the role extracellular vesicles play in normal, and pathologic, 

intercellular communication processes has made them a topic of intense interest.6-11 

The list of normal physiologic roles for microvesicles and exosomes continues to grow: 

microvesicles and exosomes have already been implicated in horizontal genetic 

transfer, cytokine release, angiogenesis, transfer of receptors between cells, and 

metalloproteinase release.4  

 

1.1.2 Extracellular vesicle release, lipid composition, and shape 

Although microvesicles and exosomes are structurally similar, they differ in 

cellular origin, lipid composition, and size. At present, precise definitions of the 

distinctions and the terminology used to describe these extracellular vesicles are still 

developing.12 For example, the hematology research community often uses the term 

microparticles instead of microvesicles.13,14 In general, microvesicles are described as 

being formed by outward budding and fission of the plasma membrane, and as having a 

particle diameter of 100 – 1000 nm.15 The lipid composition of microvesicles is by and 

large similar to that of the cell membrane, but lacks the asymmetric distribution of lipids 

normally seen across the two leaflets of the plasma membrane. In particular, the 

aminophospholipids, phosphatidyl-serine and -ethanolamine, are no longer sequestered 
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to the inner leaflet of the membrane, and are instead homogenously distributed across 

the microvesicle bilayer membrane.16,17 

Unlike microvesicles, exosomes are produced within the cell and are released 

through an exocytosis event. Exosome production begins when the bilayer membrane 

of late endosomes buds inward, filling the luminal space of the endosome with small 

luminal vesicles or exosomes.18,19 The vesicle filled endosome, now called a 

multivesicular body (MVB), then fuses with the plasma membrane through a calcium 

dependent mechanism, releasing the exosomes into the extracellular space (Fig. 1.1).20 

Similar to microvesicles, exosome membranes also contain an increased level of 

aminophospholipids compared to the outer leaflet of the plasma membrane.21 In 

addition, exosome membranes also contain the lipid ceramide. Ceramide is produced 

by the hydrolysis of sphingomyelin by sphingomyelinases within the endosome, and its 

production is an essential step in the sorting and production of exosomes.22 Exosomes 

are smaller and more homogenously distributed in size than microvesicles, commonly 

being described as having a particle diameter of 30 – 100 nm.22,23 When prepared for 

and viewed with an electron microscope, exosomes typically display a cup-like shape.24 

A significant feature of extracellular vesicles is their highly curved membrane 

surface. Highly curved membrane shapes, where curvature is defined as the reciprocal 

of the membrane radius, are commonly found within cells.25 These membranes 

organize and compartmentalize organelles of complex shape such as the Golgi, and are 

the cargo of intracellular motor proteins like kinesin. In the extracellular space, highly 

curved membranes are less common. As most cells have diameters > 8 µm, submicron 

sized extracellular vesicles represent uniquely curved lipid surfaces.10 Curvature affects 
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Figure 1.1.  Extracellular vesicle release and contents. Microvesicles bud directly from 
the plasma membrane. Exosomes, formed by inward budding of late endosomes, are 
held in multivesicular bodies (MVB) within the cell. Fusion of the MVBs with the cell 
membrane releases the exosomes into the extracellular space. Microvesicles and 
exosomes contain a diverse array of cargo, including lipids, transmembrane and 
globular proteins, DNA, mRNA, and microRNA. All represented membranes are 
phospholipid bilayers.  
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lipid ordering within the membrane. Mismatch between the curvature of the membrane  

and the shape, or spontaneous curvature, of the lipids induces lipid-packing defects.26-28 

The holes created by the lipid-packing defects expose the hydrophobic core of the 

bilayer membrane to the aqueous phase (Fig. 1.2). The defects are short-lived, but 

result in a net reduction of lipid density in the curved region. Along with absolute size, 

these membrane-packing defects are a characteristic feature of exosomes and 

microvesicles in the extracellular space, and one that will be further explored as a 

targetable or detectable feature in this review. 

 

1.1.3 Extracellular vesicles promote cancer progression 

Cancer cells have long been known to gain a competitive advantage by releasing 

factors that modulate the extracellular environment to promote cancer growth and 

metastasis.  There is growing evidence that these factors are released via extracellular 

vesicles. Cultured glioblastoma multiforme, melanoma, and breast cancer cells have all 

shown significantly elevated release of microvesicles or exosomes.29,30 Exosomes 

released from melanoma cells have been shown to promote angiogenesis, matrix 

remodeling, and anergy in lymph nodes, creating an optimal environment for metastatic 

cancer cells.31 Colorectal cancer cells have been shown to shed Fas ligand laden 

vesicles that reduce the ability of T-cells to induce cancer cell apoptosis.32  

Increased microvesicle and exosome levels have also been found in the blood of 

cancer patients. Elevated levels of microRNA-containing microvesicles have been found 

in the serum of patients with prostate cancer, and increased exosome levels were found 

in the plasma of patients with lung adenocarcinoma and melanoma.33-35 Higher levels of  
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Figure 1.2. Membrane curvature induces lipid-packing defects in regions of positive 
curvature. Top view of a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC) 
bilayer membrane induced to curve by gradual lateral compression during molecular 
dynamics simulation. Lipid packing defects, as measured by solvent accessible surface 
area, are mapped to the surface as black dots. Lipid head groups are shown in orange 
and red, and hydrocarbon tails in white and blue. The region of negative curvature, in the 
area of y ≈ -20, shows few packing defects. Figure adapted with permission.27  

 

 

 



 7 

circulating vesicles have also been correlated with a poorer prognosis in patients with 

gastric cancer.36 Increasing evidence of the role of extracellular vesicles in the 

progression of cancer suggests that methods to detect, quantify, and modulate 

exosomes and microvesicles may potentially have prognostic, diagnostic, and 

therapeutic value.  With this goal in mind, we discuss here current methods used to 

detect and target extracellular vesicles, and address the applicability of the emerging 

field of membrane curvature and lipid sensing peptides to this function. 

 

1.2 Sensing the submicroscopic 

1.2.1 Methods for detecting extracellular vesicles 

Widely applied technologies used for detection of ultramicroscopic particles like 

exosomes and microvesicles include electron microscopy, flow cytometry, dynamic light 

scattering (DLS), and nanoparticle tracking analysis (NTA). Depending on the method 

used, the reported absolute number of extracellular vesicles in a liter of blood can vary 

by as much as five orders of magnitude.37  

Each method mentioned above has advantages and drawbacks when used to 

detect extracellular vesicles. Electron microscopy can directly show that vesicles exist in 

a sample, but cannot provide quantitative data, and the fixation process can alter 

vesicle shape and size.38 Flow cytometry is typically limited to the identification of 

particles greater than 300 nm, preventing the detection of smaller microvesicles and all 

exosomes.39 Recently developed flow cytometry protocols have lowered this limit, but 

the detection of sub 100 nm particles, like exosomes, still remains an outstanding 

problem.40 Challenges of detecting extracellular vesicles with DLS include: 1) the low 
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refractive index of vesicles, and 2) a bias towards detection of larger particles when 

used with heterogeneous solutions.38 This makes it problematic to distinguish between 

microvesicles (>100 nm) and exosomes (<100 nm) in mixed solution.41 NTA is perhaps 

the most promising method because it can identify both microvesicles and exosomes 

and is not dependent on the refractive index of the vesicles. However, without a 

fluorescently labeled antibody directed towards a vesicle surface marker, or without use 

of a vesicle isolation method to reduce polydispersity of the sample, there can be 

considerable intra-assay count variability.38,42 

 

1.2.2 Brownian motion of extracellular vesicles 

Both DLS and NTA rely on the relationship between particle size and diffusion 

coefficient to determine the size of the extracellular vesicles in solution. This is 

described quantitatively for a spherical particle in a low Reynolds number fluid by the 

Stokes-Einstein equation 

!	 = 	 $%&6()* 

where ! is the diffusion coefficient, $+ is Boltzmann’s constant, & is the temperature, η 

is viscosity of the fluid, and * is the radius of the particle. The estimated diffusion 

coefficients for microvesicles and exosomes in the extracellular environment are shown 

in Fig. 1.3A. It is important to note that the relative differences in the diffusion coefficient 

between different vesicle sizes becomes more difficult to resolve as the vesicles 

become larger. For example, going from a vesicle 30 nm in diameter to 130 nm in 

diameter changes the diffusion coefficient by ~12 µm2/s, but from 900 nm to 1000 nm 

the diffusion coefficient changes by only ~0.05 µm2/s. For experiments using NTA, it is  
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Figure 1.3.  Extracellular vesicle size dependent diffusion and displacement. A) 
Diffusion coefficients of exosomes (solid red) and microvesicles (dashed blue) as given 
by the Stokes-Einstein equation. B) Root-mean-square displacement of exosomes 
(dashed only lines) and microvesicles (dashed with dotted lines) through an aqueous 
extracellular environment. C) Representative image of ~100 nm particles visualized 
using a NTA instrument (NanoSight LM14).  Red lines are the diffusional displacement 
of the particles tracked by the NTA software.  Each particle is associated with two 
numbers, the upper number represents the particle size as calculated using the Stokes-
Einstein equation and the lower number represents the particle’s track length. 
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therefore important to consider if the minimum track length (how long a particle must be 

followed before the diffusion coefficient is calculated) is long enough to properly resolve 

such differences in vesicle diffusion coefficients. In general, and depending on the 

settings of the NTA instrument, particles with diameters in the range of 1 µm or greater 

move too slowly to be accurately sized using NTA.38  

The calculated diffusion coefficients can also be used to estimate the average 

distance a vesicle diffuses from its origin in a given time. The root-mean-square 

displacement (,*-.) for diffusion in the absence of an external force is given by  

,/01 = 2!3 

where 3 is time.43 The behavior and presence of exosomes and microvesicles is 

arguably best studied in blood.44 Vesicles in the blood are subjected to large external 

forces from the pulsatile flow of the circulation system that trump in scale any diffusive 

processes. Cases of smaller external forces, where we can make the approximation of 

using the root-mean-square displacement equation, do exist, such as paracrine 

signaling between nearby cells or in the sample chamber of an NTA instrument (Fig. 

1.3C). For these cases, Fig. 1.3B illustrates that smaller exosomes are able to diffuse 

greater distances in a given time, making them the faster traveling and equilibrating 

vesicle.   

 

1.2.3 Protein markers of extracellular vesicles  

Up to this point, we have focused on identifiable biophysical characteristics of 

extracellular vesicles. In addition to fundamental properties such as diffusion coefficient, 

exosomes and microvesicles also display surface markers that can be used for 
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quantification and detection. The distinction between markers specific to exosomes or 

microvesicles is muddled by variations in literature terminology previously mentioned, 

and challenges isolating and identifying the separate populations of vesicles. Universal 

markers commonly used to identify exosomes are better characterized, and include 

transmembrane proteins like tetraspanins (CD9, CD63, CD81, and CD82) and MHC 

class I and II, and cytosolic proteins like heat shock proteins (HSP-70 and HSP-

90).18,45,46 Source specific markers that represent the proteome of the cell of origin can 

also be used for exosome identification. For example, urinary exosomes of patient’s 

with non-small cell lung cancer were found to carry proteins representative of their 

primary tumor.47  

Detection of extracellular vesicle proteins is relatively straight forward using 

analytical techniques like western blot or ELISA. However, soluble antigens may also be 

detected, and it is not possible to distinguish vesicle sizes or concentrations with these 

techniques.38 Additionally, interindividual differences in exosome tetraspanin expression 

levels, in particular CD63, may reduce the value of comparative studies.48  

 

1.2.4 Targeting extracellular vesicle lipids 

The final component of the extracellular vesicle surface is the bilayer lipid 

membrane.  As discussed earlier, the membranes of exosomes and microvesicles both 

contain rare lipids (e.g. ceramide and aminophospholipids) and have highly curved 

surfaces that contain lipid-packing defects. In the extracellular environment, these are 

unique traits that can be targeted by membrane binding proteins. Here we will briefly 

discuss these proteins and their applications to extracellular vesicle detection.  For a 
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broader and more comprehensive summary of membrane binding proteins, see these 

other excellent reviews.49-51    

Membrane binding proteins encompass a variety of proteins, from random coils 

to those with complex secondary structures. Compared to a protein-protein binding 

interface that can have complex three-dimensional tertiary and quaternary structure, the 

membrane-protein interface can be thought of as planar regions of discrete interaction 

regimes: the hydrophobic core, the electrostatically charged phosphate and lipid head 

groups, and the hydrophilic solvent.  Three interaction regime regions, and two 

interfaces between them, leave open the possibility for many membrane recognition 

mechanisms.   

The most conventional protein-membrane interaction mechanism is the 

recognition of rare lipid head groups by a folded protein domain in a lock and key like 

mechanism.50,52 A well known example is annexin V, which recognizes the lipid 

phosphatidylserine using folded domain repeats that bind the lipid head group through 

coordinated Ca2+ ions.52 Membrane binding through coordinated divalent cations, Ca2+ 

or Zn2+, is a common mechanism for folded protein domains.52 Among the lipids found 

in the extracellular environment, phosphatidylserine carries an uncommon net negative 

charge. Although most other lipids have ionic character, they are zwitterionic and do not 

have a net charge.21 Fluorescently labeled annexin V is commonly used to detect the 

exposure of phosphatidylserine on the outer membrane leaflet of apoptotic cells.53 As 

discussed earlier, extracellular vesicles also contain phosphatidylserine in their outer 

membrane leaflet.  Annexin V has been used in methods to quantify exosome and 

microvesicle phosphatidylserine levels, for a filtration and flow cytometry based 
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microvesicle counting assay, and to inhibit exosome signaling by blocking exosome-cell 

membrane fusion.18,54,55  

 

1.2.5 Probes for extracellular vesicle membrane curvature 

The next examples include proteins that can sense membrane curvature.  

Membrane curvature sensors are proteins that bind the membrane with varying affinity 

based on the membrane’s shape. Curvature sensing occurs through many motifs, 

including, but not limited too: electrostatic interaction with clustered anionic lipids, well 

structured protein-membrane shape matching, insertion of hydrophobic residues or 

loops into membrane defects, and curved membrane induced protein folding.49,51 

Proteins/peptides can also actively induce membrane curvature, altering the shape of 

the membrane. The distinction between a protein that induces membrane curvature and 

one that senses it is likely as dependent on the concentration of the protein as it is on its 

physical properties.50 The outer membrane of extracellular vesicles is positively curved, 

or convex, so we focus here on examples of sensors for these surfaces. 

Three recent cases show how truncation or structural modification of a known 

membrane binding protein can lead to a curvature sensing peptide. Myristoylated 

alanine-rich C kinase substrate (MARCKS) is an intracellular protein that normally 

functions to sequester free PIP2 lipids on the interior leaflet of the plasma membrane.56 

In its active form, the lysine rich effector domain of MARCKS binds PIP2 through a non-

specific electrostatic interaction.56 Truncation of MARCKS to just its effector domain 

results in a 25 amino acid unstructured peptide.57 This peptide, MARCKS-ED, 

preferentially binds phosphatidylserine enriched and exosome sized (< 100 nm 
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diameter) synthetic liposomes and isolated extracellular vesicles.57 Electrostatic 

attraction between positively charged peptide lysine residues and negatively charged 

phosphatidylserine lipid head groups, as well insertion of five bulky hydrophobic 

phenylalanine residues into lipid-packing defects, likely explains this behavior.57 

Phenylalanine insertion would be entropically favorable; it would exclude the solvent 

from the membrane defect and remove the need for a solvation shell to form around the 

hydrophobic peptide residues.    

Another example, C2BL3C, is a 12 amino acid long peptide that was cyclized 

using “Click” chemistry.58 The peptide is based on a Ca2+ dependent membrane 

inserting loop of the membrane fusion protein synaptotagmin-I. Truncation and 

cyclization of the membrane inserting loop created a more rigid peptide that selectively 

binds highly curved synthetic liposomes and blood derived exosomes in a calcium 

independent manner.58 Although the mechanism of its curvature sensing remains 

unknown, the low net charge of C2BL3C suggests a lipid-packing defect stabilization 

mechanism.58 The final modification example is a derivative of the cationic peptide 

bradykinin. In this case, a truncated bradykinin monomer showed modest curvature 

sensing; however, trimerization (conjugation of three monomers to a flexible linker 

backbone) significantly increased the peptides’ affinity for highly curved and charged 

surfaces.59 A synergetic combination of electrostatic attraction and membrane structure 

scaffolding from the peptides’ claw-like shape may explain this curvature sensing 

behavior.59  

These protein truncation, cyclization, and multimerization models illustrate how a 

simplified scaffold can maintain or gain new membrane curvature sensing properties 
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relevant to extracellular vesicle detection. Compared to annexin V, short, easily 

synthesized curvature sensing peptides such as these are advantageous because they 

allow for easier chemical modification, conjugation, and preparation. Future in vivo or in 

vitro applications will require consideration of the peptides’ biological activity. For 

example, are the peptides present at concentrations sufficient to damage cells through 

induction of membrane curvature or other biological activity? 

 

1.3 Outlook 

In this review, we have touched on the basic biology of extracellular vesicles, 

their importance as a signaling entity in normal and pathologic processes, and 

addressed bio-physical and -chemical detection methods. Major barriers to our growing 

understanding of exosome and microvesicle biology include finding reliable methods for 

quantification, isolation, and modulation. Identifying universal characteristics of 

submicroscopic particles of heterogeneous origin and content is a challenging task. 

Outlined characteristics include lipid and protein composition and physical properties 

such as diffusion coefficient and membrane curvature. As physical properties represent 

a sum of the vesicle parts, they are arguably more universal. Membrane curvature 

sensing peptides are a unique class of molecules that can sense the physical state of 

the membrane. Along with the peptides mentioned, many potential future scaffolds exist 

for extracellular vesicle curvature sensing probes. These include naturally occurring 

proteins that sense, and in some cases induce, membrane curvature, such as the BAR 

domains, the ALPS motif of ArfGAP1, or α-synuclein.60-63 The development of new tools 

for extracellular vesicle detection will help address basic questions, such as how 
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exosomes and microvesicles signal their target cells, and will also provide scaffolds for 

new biotechnological tools. Potential biomedical applications include quantifying 

circulating vesicles as a novel cancer biomarker and inhibiting the extracellular vesicle 

dependent signaling pathways that promote cancer growth and metastasis. 
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Chapter 2 

 

 

Changes in lipid density induce membrane curvature 

 

 

This chapter has been published as de Jesus, A. J.*, Kastelowitz, N*. & Yin, H. 

Changes in lipid density induce membrane curvature. RSC Adv. 3, 13622 (2013). * 

These authors contributed equally to this work. 

 

2.1 Abstract 

Highly curved bilayer lipid membranes make up the shell of many intra- and 

extracellular compartments, including organelles and vesicles. Using all-atom molecular 

dynamics simulations, we show that increasing the density of lipids in the bilayer 

membrane can induce the membrane to form a curved shape.  

 

2.2 Introduction 

2.2.1 Membrane curvature within the cell 

Membranes define the intra- from extracellular environment and 

compartmentalize the interior of the cell. Dynamic changes in membranes, such as 

budding, fission, and fusion, occur via alterations of membrane shape and curvature.  
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The shape of the membrane is driven by a combination of lipid composition, 

transmembrane and surface proteins, as well as forces from the cytoskeleton and 

extracellular matrix.64-66  The molecular shape of the lipids in a membrane dictate the 

membrane’s spontaneous curvature. For example, lysophospholipids, which have a 

large hydrophilic head group and small hydrophilic tail, form highly curved membrane 

structures.67-69  In the cell, lipid flippases move lipids between the two leaflets of the 

bilayer, creating asymmetric distributions that can also cause the membrane to 

spontaneously form a curved shape.26,64,70-74 The asymmetry between the two leaflets 

can be in absolute number of lipids or distributions of different lipid head groups.65,67,69  

Both transmembrane and membrane surface proteins can induce a flat 

membrane to form more complex shapes.26,70-75  The confinement of the cell membrane 

by a solid support, such as the extracellular matrix or cytoskeleton in the cell, restricts 

how the membrane can deform when subjected to perturbing forces.65,76,77  The 

physical interplay between membrane and membrane protein is not unidirectional.  For 

example, embedding a mechanosensitive transmembrane protein in a curved 

membrane can alter the structure of that protein.10,75  

 

2.2.2 Membrane curvature in molecular simulations 

Computational simulations provide a powerful tool to study membrane 

biophysics. The atomistic detail and temporal resolution available through simulations 

has made them a useful tool for investigating the dynamics of lipid membranes.23,76,77  

Membranes of different organelles and vesicles require different representations in 

simulations; i.e. lipid composition and membrane shape both need to be considered.  
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Most eukaryotic cells have diameters > 8 µm.10,78 Typical computational 

simulations of the plasma membrane use a simulation box size on the scale of tens of 

nanometers and model the membrane as a planar surface with no defined curvature. 

This approximation is reasonable because on the scale that the membrane is being 

modeled, curvature does not have an appreciable effect on lipid organization or 

membrane shape.  For example, a 100×100 nm2 square plasma membrane represents 

only ~0.001% of the surface area of an 8 µm cell. Nonetheless, many membrane-bound 

compartments found either within or released by cells are submicroscopic in size. For 

example, exosomes—released into the extracellular environment by cells and thought 

to be mediators of intracellular communication—are highly curved vesicles 30 to 100 nm 

in diameter (curvature is defined as the reciprocal of the radius).23,79  In this case, a 

100×100 nm2 membrane could represent as much as ~90% of an exosomal membrane 

surface area.  In simulations modeling the bilayer membrane of submicroscopic 

particles such as exosomes, consideration of the effects of curvature on the shape of 

the membrane and lipid packing and ordering has the potential to more accurately 

represent the membrane and elucidate more biologically relevant lipid/protein 

interactions.   

 

2.3 Results 

2.3.1 Increased lipid density induces membrane curvature    

Using molecular dynamics (MD) simulations, we describe here a method of 

inducing membrane curvature by increasing the density of lipids in a model bilayer 

membrane. The bilayer membrane was composed of 500 lipids (250 per leaflet) and 
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was a mixture of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC) and 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylserine (POPS). This lipid composition was 

chosen to approximately represent the charge distribution of a cellular membrane.70,78,80  

The POPS composition was varied between 0%, 5%, 10%, 15% and 20% of the total 

lipids.  Variations in POPS concentration were introduced to explore whether changing 

the concentration of a negatively charged head group has an effect on the curvature of 

the model bilayers.  Two independent simulations for each POPS concentration were 

performed.  Initially, flat bilayers of these lipid mixtures were simulated using reported 

equilibrium lipid surface area values of POPC and POPS.57,79  Curvature was induced 

by scaling the x and y coordinates of the system. The z coordinate was kept coupled to 

a pressure reservoir to maintain the pressure, which ensures very slight changes in the 

height of the box during the course of the simulation.  The lateral area of the simulation 

box was maintained for both the flat and curved bilayer simulations. That is, every time 

there is a scaling of coordinates, the size of the primary simulation box is also changed 

so differently scaled systems have the same lateral area. 

The scaling procedure involves a gradual compression of equilibrated flat 

bilayers. After equilibrating the flat membranes for 2 ns, the x and y coordinates of the 

systems were scaled by 2% (creating a 0.98 scale factor after the initial compression).  

This scaling of coordinates has the effect of moving the system components towards 

the center of the simulation box, increasing the density of the lipids.  Likewise, the size 

of the simulation box was also scaled accordingly to maintain the density of the system.  

The system then underwent an energy minimization followed by a short dynamics run of 

5 ps.  These steps were repeated—scaling, energy minimization, and short dynamics—
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successively until the resulting system reached a scale factor of 0.70 relative to the 

original box size. Snapshots of the resulting structures are shown in Fig. 2.1.  As can be 

seen, even after only 5 ps of dynamics, curvature of the membrane can be readily 

observed.  Representative videos showing the compression process are included in the 

Supplementary Information (Video S1, S2, and S3). 

The selected structures resulting from these short, iterative scaling processes 

were then allowed to further evolve for an additional 4 ns simulation. The systems 

scaled to 0.84, 0.80, and 0.76 (labelled as sc0.84, sc0.80 and sc0.76) were chosen for 

further MD simulations.  In total, 30 independent bilayer systems were simulated each 

of which responded to compression similar to that shown in Supplementary Videos A.1, 

A.2 and A.3, showing curvature as a response to lateral compression.  Characteristics 

of the simulated systems are summarized in Table A.1 (Supplementary Information).  

Further details on the MD simulations can be also found in the Supplementary 

Information.  The systems with 15% POPS were simulated for a total of approximately 

10 ns and the time series of the radius of curvature is shown in Supplementary Fig. A.1.  

Here it can be observed that there are no major transitions occurring after ~2.5 ns.  

Supplementary Fig. A.2 shows the time series of the radius of curvature from the 

beginning of compression, showing the drop in the radius as curvature is induced and 

maintained.      

 

 

 

 



 22 

 

 

 

 

 

Figure 2.1.  (A-C) Side views of the bilayer membranes showing increased curvature 
formation with increasing compression (no compression, scale factor = 1.0). Phosphate 
atoms are shown in red, nitrogen atoms in blue, and lipid hydrocarbon tails in teal. 
Waters are not shown for clarity. (D) Side view showing the entire simulation box 
including waters.  
 

 

 

 

A Scale Factor = 1.0 D Scale Factor = 0.76 

B Scale Factor = 0.92 

C Scale Factor = 0.84 
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2.3.2 Membrane radius of curvature is a product of initial lipid density  

To characterize the compressed bilayers, a single value was used to describe 

the bilayer curvature in the primary simulation box.  In particular, we chose the leaflet 

that represents the convex or exterior side of the membrane.  Computing the radius of  

the localized curvature found in the primary simulation box involves extracting 

coordinates of the phosphorus atoms from the simulation trajectories.  From these, a 

distribution of z-coordinates can be constructed along an x-y surface.  A sample 

distribution is shown in Fig. 2.2A.  The crest of the resulting distribution, via periodic 

boundary conditions, was centered within the primary simulation box.  The distribution, 

containing the average P atom positions over 3 ns, is then fitted to a sphere to obtain a 

radius of curvature.  Fig. 2.2B shows the membrane curvature measures for the 

different simulated systems.  It is expected that the smaller the scaling factor, or more 

compressed the system is, the more the resulting membrane would be curved.  This 

trend is clearly demonstrated in Fig. 2.2B.  Except for the sc0.84/sc0.80 scaled bilayers 

of the 20% POPS systems, it can be observed that the curvature increases with 

increased compression of the system.  The anomalous points are perhaps due to 

insufficient equilibrium in a ~ns timescale.   

The range of curvature radii obtained in this study is in good agreement with the 

literature reports.57,70,80,81  Such range of curvature values obtained indicate that, for the 

systems used in this study, the scaling factors 76% to 84% may be used to produce 

bilayers to model exosomes that are sensed by curvature-binding peptides or proteins 

(e.g. the MARCKS-ED peptide).57,80  
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Figure 2.2.  Quantification of membrane curvature. (A) Top view of averaged 15% 
POPS sc0.80 system coordinates. Coordinates in the z dimensions are represented by 
color. The color scale in Å is shown at the right. (B) Radii of curvature of the different 
lipid bilayer systems compressed by scaling the x and y coordinates (no compression, 
scale factor = 1.0).  The labels refer to the concentration of POPS in the bilayer.  Each 
point represents the average of two separate scaling and simulation dynamics. 
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As shown in Supplementary Fig. A.1 and by the movies (Video. A.1, A.2 and 

A.3), after undergoing the lateral compression procedure, the induced curvatures in the 

different bilayer systems do not disappear.  Importantly, these results further emphasize 

that the compressed membrane bilayers are not metastable and are not likely to return 

to a flat state.   As can also be observed from the movies, the chains are not aligning to  

transition to the gel phase but appear to stay in the fluid phase.  With the fluid phase 

being more stable relative to the gel phase by ~1 kJ/mole at 10 K above the phase 

transition temperature (James Kindt, Emory University, personal correspondence), the 

fluid phase exhibited in the simulations are an expected observation.   

It can also be observed from Fig. 2.2 that the effect of varying the concentration 

of POPS is not well defined.  At high POPS concentrations, we initially expected that 

there should be considerable electrostatic repulsion between the negatively charged 

POPS lipid head groups that would lead to greater membrane curvature.  The lack of a 

clear result may be at least in part due to insufficient equilibrium or another yet to be 

explained phenomenon.  Increased simulation time could potentially answer this 

question, but with an excess of 150,000 atoms in these simulations, such studies would 

be quite computationally expensive.  As a comparison, the simulations presented in this 

paper represent in excess of 2 million processor hours.  We leave the question of the 

effect POPS lipid composition on membrane curvature open for future investigation.  

 

2.3.3 Curved membranes have increased solvent accessible surface area (SASA) 

One effect that curvature can be expected to produce in a membrane is defects 

in the convex surface of a curved bilayer.57,81  The presence of defects on the surfaces 
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of curved membranes has been suggested to be important in curved bilayer-protein 

interactions.80  As a measure of the defects produced, the solvent-accessible surface 

area (SASA) was determined for the convex surface of the curved bilayer using a 

solvent probe approximating the size of a water molecule.  Fig. 2.3 shows the SASA for 

the different curved bilayers simulated.  Except for the sc0.80 scaled bilayers of the 0% 

and 15% POPS systems, it can be observed that as the bilayer becomes more curved, 

the SASA also increases.  Following the previously reported method by Cui and co-

workers, defects determined via SASA calculations were mapped onto a 2D grid.81  

Representative defect maps from a single trajectory frame of the 0% PS system are 

shown in Figs. 2.3B and C.  These figures likewise show the presence of more defects 

on the curved system.  These results indicate that the simulated systems can provide 

the characteristic surface defects of curved membranes and thus, can be used for in 

silico studies of biologically relevant curved bilayer-protein interactions.  As with the 

radius of curvature, the concentration of POPS does not appear to have a consistent 

effect on the extent of surface defect production. 

 

2.4 Discussion 

The biological role of submicroscopic particles, such as exosomes, is 

increasingly of interest.  A main characteristic of these particles is a high degree 

membrane curvature.  Through the use of MD simulations, we have devised a method 

for inducing curvature in lipid bilayers that can be used to investigate highly curved 

bilayers.  Our method induces curvature by increasing the density of lipids through 

compression of the simulation box. We have found that curvature can be induced  
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Figure 2.3.  Solvent-accessible surface area (SASA) of the convex surface of the 
compressed bilayer systems.  (A). Average SASA values. The labels refer to the 
concentration of POPS in the bilayer.  Error bars represent standard errors of the mean. 
(B and C).  2D map of defect locations across the surface of a flat (B) and curved (C) 
bilayer. 
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relatively quickly (within 5 ps) in model bilayer systems.  The degree of curvature of the 

bilayer is found to increase with elevated lipid density.  Cellular processes such budding 

off of highly curved vesicles are likely to give rise to extremely curved regions which 

could be modelled by the range of curvatures observed in this work.  Such range of 

curvatures are also observed in computational studies of tubulation and buckled 

bilayers.70,80  Curvatures with greater radii may be induced in larger bilayers.  For a fully 

atomistic study such described in this work, this will greatly add to the computational 

expense and thus, we leave the investigation of larger bilayers for future investigation.  

The amount of surface defects produced by membrane curvature also increases with 

lipid density.  The bilayer membranes produced by this method can be used as models 

to study lipid-lipid and lipid-protein interactions in highly curved bilayers, providing a 

useful tool to investigate biologic processes that involve dynamic changes in membrane 

shape.  

   

2.5 Methods 

2.5.1 Modeled membrane bilayer systems 

We have investigated a series of hydrated lipid bilayer systems containing 

varying amounts of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC) and 

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylserine (POPS).   The amount of POPS 

was varied as follows: 0% PS, 5% PS, 10% PS, 15% PS and 20% PS.  Two 

independent systems for each POPS concentration were simulated for a total of ten 

model bilayers.  The Membrane Builder module in CHARMM-GUI was used to construct 

the systems that are composed of a lipid bilayer, water and ions.79  Each system was 
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composed of 250 lipids per leaflet and ~29,000 waters.  Each simulation system 

contained on average ~150000 atoms.  A 0.25-M concentration of KCl was used for all 

simulations.  The system characteristics are summarized in Supplementary Table S1.   

These ten systems were initially simulated as flat bilayers.  Rectangular periodic 

boundary conditions were imposed with a variable box height of ~90 Å and xy-

translation lengths of ~130 Å.  The latter dimension was based on 68.3-Å2 and 62-Å2 

area/lipid ratios for POPC and POPS, respectively.79  The method used in building 

these systems also ensured that the correct density of water was used.  During the 

scaling of the x- and y-coordinates to increase the lipid density, the box size along the z-

direction was increased accordingly so that the volume of the simulation box was 

preserved and the water density was maintained. 

 

2.5.2 Molecular dynamics procedure 

The CHemistry at HARvard Macromolecular Mechanics (CHARMM) program 

was used for this study making use of the CHARMM36 lipid force field and the TIP3P 

model for water with bonds to hydrogen atoms fixed with the SHAKE algorithm.82-85  The 

particle-mesh Ewald (PME) method was employed to calculate the electrostatics using 

a mesh size of ~1 Å for fast Fourier transformation, κ = 0.34/Å and a sixth-order B-

spline interpolation.86  Non-bond pair lists were constructed using a 16-Å cutoff distance 

and the Lennard-Jones potential was smoothly switched off at 10-12 Å using a force-

switching function.  Simulations were performed under constant temperature (330 K) 

and normal pressure (1.0 atm) with a fixed lateral area using Nosé-Hoover methods and 

the Langevin piston.87-89 
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2.5.3 Bilayer characterization 

The radius of curvature of each bilayer system was computed based on the 

coordinates of the phosphorus atoms of the lipids.  These coordinates of the 

phosphorus atoms were collected at regular intervals and a distribution of its z-

coordinates across the x-y simulation box was calculated.  From this distribution, the 

maximum point of the curvature was located and the surface was translated such that 

the maximum was centered on the origin.  Periodic boundaries were used during the 

centering and translation.  This distribution was fitted to a sphere to obtain the radius of 

curvature of the bilayer.   

The solvent accessible surface area (SASA) of the bilayer surface was obtained 

via the coordinate manipulation facility of CHARMM.  It uses the Lee and Richards 

method for computing the SASA of the selected atoms.90 
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Chapter 3 

 

 

Theoretical models of lipid membrane biophysical forces provide predictions of 

extracellular vesicle behavior in vivo and in experiments 

 

 

3.1 Introduction 

Microvesicles and exosomes are submicron sized vesicles found in the 

extracellular space.  The vesicles are made up of a bilayer lipid membrane, with the 

potential to carry signaling lipids and transmembrane proteins, and an aqueous core 

that can contain nucleic acids and globular proteins.1  Packaging these molecules into a 

single vesicle creates a unique signaling mechanism that allows for the combined 

simultaneous temporal and spatial localization of multiple biochemical signals.   

Microvesicles and exosomes differ in cellular origins and absolute vesicle size.   

Exosomes are released when late endosomal compartments called microvesicular 

bodies fuse with the cell membrane and are typically described as being 30 to 100 nm 

in diameter.22,23  Conversely, microvesicles directly bud from the plasma membrane and 

are generally described as being 100 to 1000 nm in diameter.15  There is a growing list 

of normal physiologic functions of microvesicles and exosomes including angiogenesis, 
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cytokine release, and transfer of cell receptors and genetic information, as well as 

pathophysiologic functions such as cancer immune suppression and metastasis.4,31,32 

While our understanding of the remarkable complexity of exosome and 

microvesicles in normal and pathophysiologic processes is rapidly growing, very little is 

known about the fundamental biophysics of these vesicles.  This is due in part to the 

many challenges of studying these vesicles experimentally, including: 1) they are 

submicroscopic in size and therefore cannot be detected with conventional optical 

methods, 2) their multifaceted physiologic functions and origins make antibody based 

detection problematic, and 3) isolation of the vesicles from media and body fluids is 

labor intensive and often results in samples of dubious purity.  Basic questions such as 

how exosomes and microvesicles signal, fuse, or become endocytosed by their target 

cells are largely unanswered.  To understand better some of the fundamental 

biophysical forces that occur between these vesicles and vesicle/cells, we can construct 

and examine theoretical estimates.  Here we describe how quantitative theoretical 

estimates of these forces can provide insight into what may be occurring in biologic, as 

well as experimental, processes involving exosomes and microvesicles.  

 

3.2  Results  

3.2.1 A theoretical model for describing extracellular vesicle-cell membrane 

interactions  

Theoretical estimates of the intermembrane forces that occur between exosomes 

and microvesicles, as well as between vesicles and the plasma membrane, can 

potentially provide insight into the vesicles’ basic biophysical behavior in vivo and in 
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experiments.  Estimating these forces requires consideration of the many ways that 

bilayer membranes can interact.  Here we consider four distinct interactions: van der 

Waals (VDW), double layer (DL), protrusion (PRO) and undulation (UND) forces.91  

Forces due to water molecule ordering, such as hydration or hydrophobic interactions, 

are not included since the bilayer membranes that make up exosomes and 

microvesicles are relatively deformable and composed of lipids with hydrophilic head 

groups. 

The van der Waals and the double layer force are the two components of the 

DLVO (Derjaguin, Landau, Verwey, and Overbeek) theory of colloid stability.91  Except 

at molecular contact, the van der Waals interaction between two surfaces is an 

attractive interaction due to permanent or induced dipoles.  The van der Waals 

interaction between two spherical particles is given by 
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where ' is the Hamaker constant and is roughly equal to 0.8 x 10-20 J for lipid bilayers, 

D is the separation between the surfaces, and R1 and R2 are the radii of the vesicles.92  

The electric double layer interaction is an electrostatic interaction that is repulsive 

between like charged membranes.  The double layer interaction between two spherical 

particles is given by 
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where at physiologic conditions, 0.15 M NaCl and 37 °C, 14- ≈	0.8 nm and the constant 

2 ≈ 1.20 x 10-11 J m-1 at a membrane surface potential (Ψ8) of -40 mV. 91 

The protrusion and undulation interactions are two major entropic forces unique 

to lipid membranes.  The protrusion force describes the repulsive steric interaction 

between two membranes that occurs when lipid head groups are pushed up out of the 

plane of the bilayers.93  Protrusion interaction between two vesicles (using the Derjaguin 

approximation) is given by 
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where	Γ is the surface density of the protruding molecules (roughly equal to 1x1018 m-2) 

and E8 is the decay length (0.2 nm is used in this case).93  The undulation force is also 

repulsive and arises from wave-like thermal ripples that occur when two lipid 

membranes approach each other.94  The undulation interaction between two vesicles 

(again, using the Derjaguin approximation) is given by 
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where HI is the bending modulus of the membrane (roughly equal to 1x10-19 J).95   

The energy of the sum of these four interactions is given by 
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Fig. 3.1 shows how the potential energy of each interaction varies as a 100 nm 

exosome approaches an 8 µm cell.  The net interaction is primarily repulsive with a 

barrier of 40 kbT at D = 2 Å, the point at which a single layer of water molecules would 

exist between the two membranes.91  An energy minimum of -1.5 kbT at D = 4.9 nm is 

the effective “bond” strength and length between the vesicle and cell membranes.  

Table 3.1 summarizes the interactions of additional sizes of exosomes and 

microvesicles with an 8 µm cell.  Fig. 3.2 shows how, for each vesicle size, the total 

potential energy varies with membrane separation.   

 

3.2.2 Predicting extracellular vesicle signaling mechanisms  

Three distinct mechanisms have been suggested for how vesicles might signal 

and interact with their target cell’s plasma membrane.  They are: 1) vesicle ligand-

membrane receptor interactions, 2) vesicle-membrane fusion, and 3) vesicle 

endocytosis.44  In order for a vesicle ligand-membrane receptor interaction to occur, the 

two membranes would need to form a stable “bond” at a small intermembrane 

separation.  This bond would likely be facilitated by the interaction of transmembrane or 

membrane tethered proteins embedded in the vesicle and cell bilayers.  This interaction 

would allow for signaling and would also stabilize the bond between the two 

membranes.  The interaction energy between the vesicle and cell membranes could 

also potentially stabilize the bond.  The theoretical energy minimums listed in Table 3.1 

indicate that larger vesicles form more energetically favorable bonds with the plasma 

membrane. As these bonds would further stabilize a ligand-receptor interaction,  
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Figure 3.1.  Contribution of relevant membrane - membrane forces to the potential energy 
of a 60 nm exosome approaching an 8 µm cell.  
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Diameter 
(nm) Vesicle type Energy at D = 2 Å 

(kbT) 
Energy minimum 
(kbT) 

Intrinsic bond 
lifetime (s) 

30 Exosome 40 -0.45 2.4x10-7 

60 Exosome 80 -0.89 1.5x10-6 

100 Exosome 130 -1.5 6.4x10-6 

250 Microvesicle 330 -3.6 2.4x10-4 

500 Microvesicle 630 -7.1 2.2x10-2 

1000 Microvesicle 1200 -13 32 
 
Table 3.1.  Summary of interaction energies and intrinsic bond lifetimes between 
different sized extracellular vesicles and an 8 µm cell.   
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Figure 3.2.  Potential energy of exosomes (dashed only lines) and microvesicles 
(dashed and dotted lines) approaching an 8 µm cell.   
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microvesicles are a far more likely candidate for vesicle ligand-membrane receptor 

signaling than exosomes. 

The second suggested signaling mechanism is vesicle-membrane fusion.  In this 

case, transmembrane proteins embedded in the vesicle would be incorporated into the 

cell membrane.  Any globular proteins or nucleic acids contained in the aqueous core of 

the vesicles would be released into the cell cytosol.  If an exosome or microvesicle were 

to signal by fusing with the plasma membrane, the two membranes would first need to 

be in very close (molecular) contact.  Our theoretical estimates show that with 

increasing vesicle size the energy barrier for vesicle-cell membrane molecular contact 

grows.  Recently, the free energy output of the neuronal SNARE complex that facilitates 

vesicle-membrane fusion has been reported to be ~65 kbT.96  This energy output is on 

the scale of what we predict would be required to induce exosome-cell membrane 

fusion.  The estimated molecular contact energy barrier for microvesicle is much larger, 

suggesting different machinery would likely be needed to induce microvesicle-plasma 

membrane fusion.   Given the size of the energy barrier, the more likely explanation is 

that exosomes signal via fusion, while microvesicles signal without fusing, via a vesicle 

ligand-membrane receptor interaction. 

The theoretical vesicle-membrane bond energies can be also used to calculate 

the intrinsic bond lifetime (R8) of the interactions. Intrinsic bond lifetime is given by 

R8 =
1
T8
3
UVWXY

@PB 

where T8 is the characteristic vibration frequency of the bond 91.   The characteristic 

bond frequency is related to the velocity of the particle and the width of the bond and 

can be estimated using 
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T8 =
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Here we estimate the mass of the vesicle with 

jkll`abcINa =
2(n'`abcINa	)(jkllNcpcq)

n'Ncpcq
+ jkllrMLas	IKsa 

where n'`abcINa	is the surface area of a sphere with same diameter as the vesicle of 

interest,  jkllNcpcq is the mass of single lipid molecule, n'Ncpcq is the surface area of a 

single lipid in an equilibrated planar membrane, and jkllrMLas	IKsa is the mass of a 

spherical water core with a diameter 10 nm less than the vesicle diameter to account for 

the thickness of the bilayer.  Multiplying by a factor of two accounts for the two lipid 

layers of the bilayer.  Since DOPC is the most common lipid in exosomes, its surface 

area and weight were used in this estimation.21,97   

The estimated intrinsic bond lifetimes for the microvesicles are multiple orders of 

magnitude longer than the exosomes.  For the 1000 nm microvesicle, the bond lifetime 

is on the order of seconds.  The large increase in intrinsic bond lifetime is due in part to 

a greater bonding energy, but also a lower characteristic vibration frequency because of 

the vesicle’s greater mass.  While the portion of exosomes or microvesicles in a body 

fluid or experimental sample that are in a “bonded” state will depend on their respective 

concentrations, these calculations indicate microvesicles form longer lasting bonds with  

the plasma membrane.  

 

3.2.3 Polymer depletion attraction may drive extracellular vesicle aggregation  

As discussed earlier, the proper isolation of the vesicles from media and body 

fluids is a challenging process.  Many methods exist to isolate exosomes and 
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microvesicles. These methods include differential centrifugation and filtration, density 

gradient centrifugation, sucrose gradient flotation, and ExoQuick precipitation. 98,99  

ExoQuick precipitation is one of the most widely used methods.  The ExoQuick solution 

is composed of a proprietary polymer mixture of unknown composition that selectively 

precipitates exosomes.  Electron microscopy imaging of ExoQuick precipitated 

exosomes has demonstrated interesting aggregations of small vesicles around the 

periphery of larger vesicles that do not appear when exosomes are isolated using other 

methods (unpublished observation Peter N. Brown).  One possible explanation of this 

phenomenon is that the ExoQuick polymer is causing a depletion attraction that 

increases the binding energy of the vesicles.  

The theoretical polymer induced depletion attraction between two vesicles 

(again, using the Derjaguin approximation) is given by 

!#V9 = 	−2= 	
,-,*
,- + ,*

	 t@PB(,u − )) 

/#V9 = 	−2= 	
,-,*
,- + ,*

	 t@PB ),u −
)2

2
 

where t is the number of polymer molecules in a unit volume and ,v is the radius of 

gyration of the specific polymer.91  For example, what happens to the potential energy of 

an interaction between a 30 nm and 100 nm exosome when they are in water solution 

that is 30% by weight MW 5000 PEG?  The radius of gyration (,v) of the PEG can be 

estimated using  

,v = 	0.2jr
8.xy 

where jr is the molecular weight of the polymer.100  The density of the polymer is given 

by  
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t = 6.022×10*{(|r)/jr 

where |r is the polymer weight percent in water. 91  

As shown in Table 3.2 and Fig. 3.3, the depletion attraction increases the binding 

energy of the 30 and 100 nm vesicles by ~9.6 kbT and the relative intrinsic bond lifetime 

by four orders of magnitude.  The depletion attraction has very little effect on the 

molecular contact energy barrier, suggesting it would not facilitate fusion between the 

exosomes.  Although this estimate is particularly rough given the unknown composition 

of ExoQuick, a change in the bond energy between the vesicles of the magnitude 

described may explain the exosome aggregation seen on electron microscopy.    

 

3.3 Discussion 

In this work we have shown how theoretical estimates of membrane forces acting 

on exosomes and microvesicles can provide insight into vesicle biology and 

experimental results.  The estimates can be predictive, such as microvesicles being 

more likely to signal via a vesicle ligand-membrane receptor interaction and exosomes 

being more likely to signal via vesicle-membrane fusion, or explanatory, such as 

ExoQuick potentially causing a depletion attraction that leads to aggregation of purified 

exosomes.  We hope that these estimates can guide future experimental efforts to 

further define both the biophysical forces present in, and signaling mechanisms of, 

exosomes and microvesicles.   
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Diameter 
(nm) 

Vesicle 
types 

Energy at D = 2 Å 
(kbT) 

Energy minimum 
(kbT)  

Intrinsic bond 
lifetime (s) 

30/100 Exosomes 31 -0.35 at D = 4.9 nm 2.2x10-7 

30/100+PEG Exosomes 30 -10 at D = 2.8 nm 1.9x10-3 

 
Table 3.2. Effect of the addition of 30% by weight MW 5000 PEG to the interaction of a 
30 nm and 100 nm exosome.   
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Figure 3.3.  Polymer depletion forces decrease the potential energy of a 30 nm 
exosome approaching a 100 nm exosome. The dashed blue line represents the 
interaction after the addition of 30% by weight MW 5000 PEG.   
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Chapter 4 

 

 

Peptides derived from MARCKS block coagulation protein complex assembly on 

phosphatidylserine and inhibit fibrin formation 

 

 

4.1 Abstract 

Blood coagulation involves activation of platelets and coagulation factors.  At the 

interface of these two processes resides the lipid phosphatidylserine.  Activated 

platelets expose phosphatidylserine on their outer membrane leaflet and activated 

clotting factors assemble into enzymatically active complexes on the exposed lipid, 

ultimately leading to the formation of fibrin.  Here, we describe how small peptide and 

peptidomimetic probes derived from the lipid binding domain of the protein myristoylated 

alanine-rich C-kinase substrate (MARCKS) bind to phosphatidylserine exposed on 

activated platelets and thereby inhibit fibrin formation.  The MARCKS peptides 

antagonize the binding of factor Xa to phosphatidylserine and inhibit the enzymatic 

activity of prothrombinase.  In whole blood under flow, the MARCKS peptides colocalize 

with, and inhibit fibrin cross-linking, of adherent platelets.  In vivo, we find that the 

MARCKS peptides circulate to remote injuries and bind to activated platelets in the 

inner core of developing thrombi.   
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4.2  Introduction  

Phosphatidylserine (PS) is an essential cofactor of the coagulation proteins 

involved in hemostasis and thrombosis.  PS is an anionic lipid that is normally 

sequestered to the inner leaflet of the plasma membranes and only exposed on the 

outer membrane surface during activated processes like apoptosis or platelet activation.  

During blood clotting, activated platelets undergo changes in membrane shape and 

expose PS on their outer membrane leaflet via calcium-dependent phospholipid 

scramblases.101-103  Activated coagulation factors in the presence of calcium and PS 

assemble into enzymatically active complexes, e.g., prothrombinase, a complex of 

activated factor Xa (FXa) and Va (FVa).104-106  The enzymatic activity of these 

coagulation protein complexes ultimately leads to the formation of fibrin, an insoluble 

polymer that forms an affixing crosslinking mesh around the hemostatic platelet plug.  

In this work, we explore the effect of small PS-binding peptides on blood 

coagulation.  The peptides are based on the protein myristoylated alanine-rich C kinase 

substrate (MARCKS), a 32 kDa protein that sits at the interface of many lipid-protein 

interactions.  Full length MARCKS protein has two important known functional domains: 

a myristoylated N-terminus that inserts into, and localizes the protein to, the inner leaflet 

of the plasma membrane, and a highly basic effector domain that mediates its biologic 

functions by reversibly binding the plasma membrane.107  Phosphorylation of the 

effector domain by protein kinase C, or binding by calmodulin in the presence of 

calcium, inhibit the domain’s association to the plasma membrane, releasing 

sequestered phosphoinositides and disrupting the actin network around the 
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membrane.108-112  The actions of the MARCKS protein have been implicated in 

neurodevelopment, cell motility, and endo- and exocytosis.113-115 

We have previously demonstrated that peptides based on the effector domain of 

MARCKS (MARCKS ED) bind with increasing affinity to lipid membranes that are both 

highly curved and enriched in PS.57  MARCKS ED does not adopt a secondary 

structure.  Rather, the peptide forms a random coil conformation that selectively binds 

through electrostatic attraction between its 13 basic residues and the acidic 

phosphatidylserine lipid head groups, and the insertion of bulky phenylalanine residues 

into the hydrophobic membrane core (Fig. 4.1a).116-118  The affinity of MARCKS ED for 

curved and PS enriched membranes is sequence specific, but independent of the amino 

acid stereo conformation.117,118  MARCKS ED is less than a tenth of the molecular 

weight of PS binding proteins annexin V and lactadherin, and comparatively easy to 

synthesize and modify using solid phase peptide synthesis.  Moreover, unlike annexin 

V, MARCKS ED does not require calcium to bind to PS.57   

Having established the affinity of MARCKS ED for PS, we sought here to 

determine if the peptide could affect the binding of coagulation factors to PS.  We 

hypothesized that MARCKS ED would bind to the curved membranes and exposed PS 

of activated platelets.  We establish that the MARCKS ED peptide can antagonize the 

interaction between coagulation factors and PS, and that this activity significantly 

reduces coagulation factor enzymatic activity.  We find that MARCKS ED only binds to 

platelets that are activated and, in whole blood, inhibits the formation of fibrin, the end 

product of the coagulation cascade.  Finally, we show in vivo that MARCKS ED can 

circulate to a remote injury site and bind to activated platelets in the core of a  
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Figure 4.1.  D-MARCKS ED is a protease resistant peptide that antagonizes the binding 
of FXa to PS.  (a)  Sequence and representative membrane bound conformation of the 
MARCKS ED peptide.   Positively charged residues are shown in red and phenylalanine 
residues are shown in blue.  Dashed line shows approximate location of the membrane 
lipid head groups.  (b)  Comparison of the human serum stability of L-MARCKS ED (t1/2 
= 57 min, 95% confidence interval (CI) 46 to 79 min) and D-MARCKS ED (t1/2 = 356 
min, 95% CI 252 to 606 min) peptides (n = 3, mean ± s.d.).  (c)  Representative 
reference corrected Biacore 3000 SPR sensogram showing D-MARCKS ED 
antagonizes the binding of FXa to lipid membrane surface containing PS. Dashed black 
line shows an injection of running buffer at t = 30 sec and an injection of 50 nM FXa at t 
= 300 sec.  Following complete dissociation of FXa from the membrane surface, the 
solid red line shows an injection of 1 µM D-MARCKS ED at t = 30 sec and an injection 
of 50 nM FXa at t = 300 sec.  (d)  Quantification of FXa SPR binding inhibition with 
BiOptix 404pi instrument by negative control C2BL3-L, positive control annexin V, and 
D-MARCKS ED (n = 3 C2BL3-L and annexin V; n = 5 D-MARCKS ED, mean ± s.d.).  * 
P < 0.05, ** P < 0.01 compared to C2BL3-L by one-way analysis of variance (ANOVA) 
and Dunnett’s post hoc test (d).  
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developing thrombus.  We establish that a peptide can antagonize a lipid-protein 

interaction, and that this activity can have significant effects in a complex 

multicomponent pathway like blood coagulation.  

 

4.3 Results 

4.3.1 D-MARCKS ED is protease resistant 

Peptides in blood are exposed to an array of proteases that may reduce their 

biologic activity.119  Since MARCKS ED binding is independent of amino acid chirality, 

the peptidomimetic D-amino acid form of MARCKS ED has the potential comparative 

advantage of increased resistance to protease degradation and reduced likelihood of 

native biologic recognition or activity.117,118  We first sought to confirm that D-MARCKS 

ED is the more stable isoform to proteolysis.  Separate incubation of the two peptides 

with human plasma resulted in pseudo-first-order degradation of the peptides (Fig. 

4.1b).  We observed the half-life of D-MARCKS ED to be roughly six times longer than 

that of L-MARCKS ED.  Based on this result, we chose to use D-MARCKS ED for 

studies where only a single isoform could be reasonably tested.   

 

4.3.2 D-MARCKS ED antagonizes binding of FXa to PS 

To investigate if MARCKS ED could antagonize the binding of a coagulation 

factor to PS, we used surface plasmon resonance (SPR).  Buffer or D-MARCKS ED 

was flowed over an immobilized lipid surface containing PS.  After 160 seconds, FXa 

was then injected over the lipids and the binding response was recorded.  Pretreatment 

of the same surface with D-MARCKS ED resulted in a 50% (± SD of 5%) mean 
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reduction in FXa membrane binding as compared to the buffer treatment using a 

Biacore 3000 instrument (Fig. 4.1c and Supplementary Fig. B.1a).  We repeated this 

experiment on a BiOptix 404pi instrument.  Compared to the Biacore 3000 instrument, 

the BiOptix 404pi instrument absorbed approximately six times more lipid reference 

units (RU) to the SPR HPP chip surface (not shown) and showed reduced FXa binding 

inhibition by D-MARCKS ED (Fig. 4.1d and Supplementary Fig. B.1b) with equivalent 

injection concentrations, association volumes, and flow rates.  To validate these results, 

annexin V was also tested to serve as a positive control and C2BL3-L, a small peptide 

previously shown to have poor affinity for PS, was tested to serve as a negative control 

(Fig. 4.1d and Supplementary Fig. B.1c,d).58   

The observed difference in FXa binding inhibition by D-MARCKS ED with the two 

instruments likely relates to the stoichiometry of the MARCKS ED/PS interaction and 

the resulting relative PS surface coverage of D-MARCKS ED in each experiment.  

Previous work investigating the interaction of D-MARCKS ED with the lipid 

phosphatidylinositol 4,5-bisphosphate (PIP2) has shown that the stoichiometry of the 

interaction is determined by electrostatic complementarity between the peptide and 

lipids.120,121  The D-MARCKS ED peptide has a net positive charge of 13 at physiologic 

pH, suggesting each D-MARCKS ED peptide could bind and block up to 13 PS lipids.  

Using this stoichiometry and the RU definition of both SPR instruments (1000 RU = 1 ng 

mm-2), we make the approximation that D-MARCKS ED blocked 82% (± SD of 9%) of 

PS in the Biacore 3000 experiment and this resulted in a 50% (± SD of 5%) reduction in 

FXa binding.  In comparison, with the increased lipid loading seen with the BiOptix 

404pi, we approximate that D-MARCKS ED blocked 7% (± SD of 3%) of PS and this 
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resulted in a 23% (± SD of 5%) reduction in FXa binding in the BiOptix 404pi 

experiment.  Since the injections of D-MARCKS ED and FXa are separated temporally, 

to resolve the binding response of each ligand, and spatially, by the continuous flow of 

buffer over the chip, both ligands cannot simultaneously saturate the membrane 

surface.  We therefore cannot infer stoichiometry of the inhibition, but do observe that 

more D-MARCKS ED surface coverage results in reduced FXa binding, supporting our 

initial hypothesis that MARCKS ED could antagonize the binding of a coagulation factor 

to PS.  

 

4.3.3 MARCKS ED binds to activated platelets and inhibits prothrombinase  

To determine if antagonizing the binding of coagulation factors to PS with 

MARCKS ED resulted in reduced enzymatic activity, we used a platelet-dependent 

prothrombinase assay.  In the presence of human platelets activated by convulxin and 

thrombin, L- and D-MARCKS ED both reduced prothrombinase activity by greater than 

50% (Fig. 4.2a).  Given the slight reduction in prothrombinase activity observed with our 

negative control peptide C2BL3-L, L-MARCKS ED FA (a MARCKS ED peptide where 

membrane affinity is reduced by replacing all phenylalanine residues with alanine) was 

added as an additional negative control and did not show any inhibition (Fig. 4.2a).57  

Interestingly, a dose response curve with D-MARCKS ED showed the peptide could not 

completely inhibit the formation of thrombin (Fig. 4.2b).  It has been shown previously 

that activation of platelets by convulxin and thrombin generates a unique subpopulation 

of approximately 30% of activated platelets that express high levels of procoagulant 

proteins – including membrane surface bound FVa, likely originating in the platelet α  
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Figure 4.2.  MARCKS ED inhibits prothrombinase enzymatic activity in the presence of 
PS containing membranes and only binds to activated platelets.  (a)  Prothrombinase 
activity of washed human platelets stimulated with thrombin and convulxin when pre-
treated with vehicle control or 1 µM L-MARCKS ED, D-MARCKS ED, positive control 
annexin V, negative control C2BL3-L, or negative control L-MARCKS ED FA mutant (n 
= 8, mean ± s.d.).  (b)  Dose response of D-MARCKS ED pre-treatment on the 
prothrombinase activity of washed human platelets stimulated with convulxin and 
thrombin (n = 4, mean ± s.d.).  (c)  Prothrombinase activity of exosomes isolated from 
MDA-MB-231 cells when pre-treated with vehicle control or 1 µM L-MARCKS ED, D-
MARCKS ED, annexin V, or C2BL3-L (n = 8, mean ± s.d.).  (d)  Prothrombinase activity 
of synthetic liposomes composed of POPC/POPS at a 19/1 ratio when pre-treated with 
vehicle control or 1 µM L-MARCKS ED, D-MARCKS ED, annexin V, or C2BL3-L (n = 8, 
mean ± s.d.).  (e)  The binding of annexin V (Brilliant Violet 605) and D-MARCKS ED 
(NBD) to P-selectin (Cy5) positive platelets was compared by flow cytometry when the 
platelets were left unstimulated or stimulated with thrombin, convulxin, or thrombin and 
convulxin (n = 6, mean ± s.d.).  * P < 0.05, ** P < 0.01, *** P < 0.001 either by 
comparison to vehicle control by ANOVA followed by Dunnet’s post hoc test (a,c,d) or 
two tailed Student’s t-test (e).  
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granules.122,123  As the binding of this membrane bound FVa cannot be antagonized, D-

MARCKS ED may be unable to completely block prothrombinase assembly and activity 

resulting from this subpopulation.  

We also examined the effect of MARCKS ED on prothrombinase activity in the 

presence of other PS-containing membranes.  We repeated the prothrombinase assay, 

omitting the addition of platelet agonists convulxin and thrombin, using microparticles 

isolated from MDA-MB-231 human breast cancer cells as well as with similarly sized 

extruded synthetic liposomes containing PS (Supplementary Fig. B.2a,b).  

Microparticles were selected due to the proposed importance of PS exposure on tumor 

microparticles during cancer related venous thromboembolism.124  L- and D-MARCKS 

ED both inhibited microparticle dependent prothrombinase activity (Fig. 4.2c).  The 

membranes of platelets and microparticles both contain transmembrane proteins, most 

noteworthy for this study, tissue factor.  Therefore, synthetic liposomes were used to 

provide an assembly surface free of any membrane proteins.  The observed 

prothrombinase inhibition using the synthetic liposomes was similar to that seen with the 

microparticles (Fig. 4.2d).  This result, along with the inhibition of FXa binding 

demonstrated by SPR, strongly suggests that MARCKS ED inhibits prothrombinase 

activity by directly blocking the binding of coagulation factors to PS. 

 

4.3.4 D-MARCKS ED only binds to activated platelets 

To determine if MARCKS ED bound only to activated platelets, we analyzed D-

MARCKS ED and annexin V binding to platelets in the presence of a variety of 

activating agonists using flow cytometry.  Neither D-MARCKS ED or annexin V labeled 
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unstimulated platelets (Fig. 4.2e and Supplementary Fig. B.3 and B.4).  When platelets 

were activated, D-MARCKS ED labeled a greater percentage of the P-selectin positive 

platelets than annexin V (Fig. 4.2e).  The combination of thrombin and convulxin 

activation resulted in the greatest percentage of P-selectin positive platelets labeled with 

D-MARCKS ED or annexin V (Fig. 4.2e).  We observed a strong correlation between 

relative P-selectin positivity and D-MARCKS ED binding (Supplementary Fig. B.3).  D-

MARCKS ED fluorescence intensity was normally distributed and continuously 

increased with greater platelet activation (Supplementary Fig. B.4b).  In contrast, 

annexin V fluorescence intensity showed a bimodal distribution that shifted into the 

more fluorescent population with greater platelet activation (Supplementary Fig. B.4a).  

This difference could be due to the membrane PS composition threshold required for 

annexin V binding, previously described as 2.5 to 8%, that is not required for MARCKS 

ED binding.117,125  

 

4.3.5 MARCKS ED inhibits fibrin formation in whole blood 

Next, we assessed the effects of the MARCKS ED peptides on fibrin formation in 

whole blood.  Using a custom microfluidic device, whole human blood was flowed over 

an immobilized fibrilar collagen strip at a venous wall shear rate.126  Treatment with a 

vehicle control resulted in the formation of a dense fibrin mesh on the adherent platelets 

(Fig. 4.3a and Supplementary Video B.1).  When the blood was pre-incubated with L- or 

D-MARCKS ED peptide, no fibrin mesh formation was observed (Fig. 4.3a-c, 

Supplementary Fig. B.5a, and Supplementary Video B.2).  Treatment with either  
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Figure 4.3.  MARCKS ED inhibits fibrin formation in whole blood under physiologic flow 
conditions.   (a)  Representative images of platelet accumulation (blue, anti-CD41), 
fibrin(ogen) formation (red, Alexa Flour 647-fibrinogen), and peptide binding (green, 
NBD-peptide) in the whole blood microfluidic flow assay after 10 min at wall shear rate 
100 s-1 when pre-treated with vehicle control or 1 µM L-MARCKS ED, D-MARCKS ED, 
negative control C2BL3-L, negative control L-MARCKS ED FA mutant, positive control 
annexin V, or positive control 15 USP ml-1 heparin (n = 6).  Scale bar, 50 μm.  (b)  Time 
course of peptide NBD fluorescence intensity, platelet surface area coverage, and 
fibrin(ogen) intensity for the vehicle control and D-MARCKS ED treatment in the 
microfluidic flow assay (n = 6, mean ± s.d.).  (c)  Final fibrin(ogen) intensity values for 
each treatment in the microfluidic flow assay (n = 6, mean ± s.d.).  (d)  Final platelet 
surface coverage values for each treatment in the microfluidic flow assay (n = 6, mean ± 
s.d.).  (e)  Scanning electron micrographs of finals clots formed in microfluidic flow 
assay with vehicle control and D-MARCKS ED treatment (n = 3).  Scale bar, 10 μm.  * P 
< 0.05 compared to vehicle control by one-way analysis of variance (ANOVA) followed 
by Dunnet’s post hoc test (c,d).  
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negative control peptide did not inhibit the formation of fibrin, while positive controls 

annexin V and heparin showed equivalent fibrin formation inhibition to that of the 

MARCKS ED peptides (Fig. 4.3a,c and Supplementary Fig. B.5b-e).  No treatment 

appreciably changed the surface coverage percentage of the platelets, suggesting the 

peptides did not interfere with the interaction between platelets, von Willebrand factor, 

or collagen (Fig. 4.3d).  Of the NBD labeled peptides, only L- and D-MARCKS ED 

showed significant fluorescence intensity and clear colocalization with the adherent 

platelets (Fig. 3e and Supplementary Fig. B.6).  To confirm the fibrin formation inhibition 

visualized by fluorescence, the vehicle control and D-MARCKS ED final clots were fixed 

and visualized by scanning electron microscopy.  Clots formed with vehicle control 

treatment showed the formation of dense fibrin mesh over the adherent platelets, while 

D-MARCKS ED treated samples exhibited exposed fibrillar collagen and platelet 

clumps, and no visible fibrin formation (Fig. 4.3e).   

 

4.3.6 D-MARCKS ED binds to thrombi in vivo 

To assess the in vivo localization of D-MARCKS ED, as well as its effects on the 

hemostatic response, we used a murine intravital laser-induced microvascular injury 

model.127  Male mice were treated with 5 mg kg-1 C2BL3-L or D-MARCKS ED through a 

jugular vein cannula.  30 min later, fibrin and platelet deposition, as well as D-MARCKS 

ED fluorescence, were observed at a cremaster microcirculation injury.  At the injury 

site, D-MARCKS ED localized primarily to the innermost area of the thrombus (Fig. 

4.4a).  This area is the core of thrombus, and the primary location of thrombin activity 

and fibrin formation.127  Little or no C2BL3-L fluorescence was observed in the thrombi  
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Figure 4.4.  D-MARCKS ED binds to thrombi in vivo.  (a)  Representative fluorescence 
and bright field images of platelet accumulation (blue, anti-CD41), fibrin formation (red, 
anti-fibrin), and peptide binding (green, NBD-peptide) in the murine intravital laser-
induced microvascular injury model when treated with 5 mg kg-1 negative control 
C2BL3-L or D-MARCKS ED.  Scale bar, 10 μm.  (b-g)  Platelet and fibrin area 
accumulation following murine intravital microvascular injury when treated with 5 mg kg-

1 C2BL3-L or D-MARCKS ED.  Time course data is shown as mean ± s.e.m (b,e) and 
median (c,f) area values.  Peak platelet and fibrin area values (d,g) are shown as mean 
± s.e.m (n = 33 thrombi from 4 mice).  NS, not significant when compared by the Mann-
Whitney statistical test (d,g).  
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(Fig. 4.4a).  The initial velocity of fibrin formation with D-MARCKS ED treatment 

appeared to be reduced, nonetheless, the difference in fibrin formation lag time, or peak 

platelet or fibrin area values was not statistically significant (Fig. 4.4b-g and 

Supplementary Fig. B.7). 

 

4.4 Discussion 

In this work we have explored how small lipid-binding peptide and 

peptidomimetic probes can bind to activated, PS-exposing platelets and affect the blood 

coagulation pathway.  We found that D-MARCKS ED could antagonize binding of a 

coagulation factor to PS, and that this activity inhibited the enzymatic activity of 

coagulation factor complex prothrombinase in the presence of a variety of PS-

containing membranes.  In whole blood, we observed dramatic inhibition of fibrin 

formation during contact activation pathway-driven coagulation in a microfluidic flow 

assay.  In vivo, we observed D-MARCKS ED binding to platelets in the thrombus core, 

but we did not see a significant effect on fibrin formation.  Coagulation initiation in the 

laser-induced microvascular injury model is more complex and believed to be driven by 

the exposure of tissue factor at the injury site.128  While it is possible that therapeutic 

concentrations of D-MARCKS ED did not reach the in vivo injury site, the initiation of the 

coagulation cascade through tissue factor and factor VIIa could also explain the 

differences in fibrin formation inhibition between the ex vivo and in vivo models.  For 

example, inhibition of the PS-dependent assembly of coagulation protein complex 

intrinsic tenase (factor VIIIa and factor IXa) by D-MARCKS ED would further slow fibrin 
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generation in models dependent on the contact activation pathway, but have lesser 

effect on coagulation initiated through the tissue factor pathway.   

Interwoven with coagulation cascade initiation is the concurrent activation of 

platelets through interaction with collagen.  This creates a positive feedback loop where 

activated platelet PS exposure serves as a cofactor for thrombin generation, and the 

generated thrombin further activates platelets.  The combination of collagen or 

convulxin, both of which bind the platelet GPVI receptor, with thrombin is the strongest 

physiologic activator of platelets and the most effective driver of platelet-dependent 

thrombin generation.129  Strong activation causes the platelet membrane to balloon and 

bleb and exposes a high amount of PS, while weaker activation, e.g., only thrombin, 

leaves the platelet membrane comparatively intact and causes less PS exposure.129-131  

Unsurprisingly, D-MARCKS ED demonstrated the greatest degree of binding to those 

platelets that were activated by the combination of convulxin and thrombin.  Similar 

activation conditions occur when platelets encounter the immobilized collagen in the 

microfluidic flow assay, and this resulted in D-MARCKS ED labeling of almost all 

adherent platelets and the inhibition of fibrin formation.  Conversely, in the laser-induced 

microvascular injury model, only a small portion of the platelets in the thrombus core are 

bound by D-MARCKS ED.  These are platelets directly proximal to the injury site and 

the most likely to be exposed to subendothelial collagen.  These results suggest that the 

more robust platelet activation response that occurs from GPVI activation is the most 

favorable for D-MARCKS ED binding and potential fibrin formation inhibition. 

Peptides derived from the full length MARCKS protein sequence have previously 

been shown to have a number of biomodulary effects.  The MANS peptide, made up of 
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the myristoylated N-terminal sequence of MARCKS, interferes with mucus 

hypersecretion, cancer metastasis, and proinflammatory cytokine expression.132-135  

MARCKS ED has been shown to reduce platelet serotonin release, block monocyte 

tissue factor initiated coagulation, and also interfere with proinflammatory cytokine 

expression.135-138  These activities have been suggested to occur through various 

mechanisms, including altering cytoskeleton dynamics and blocking phosphorylation of 

endogenous MARCKS protein.133,134,137  We have shown here that the MARCKS ED 

peptide binds to physiologically exposed PS and antagonizes coagulation factor binding 

and enzymatic activity.  We did not observe MARCKS ED labeling or internalization by 

unstimulated platelets, suggesting the peptide does not quickly penetrate the plasma 

membrane.  It is possible that some of the previously described biologic effects of 

MARCKS-derived peptides are also due to binding of peptides to the outer membrane 

surface.  It is also worth noting that endogenous full length MARCKS is expressed 

across most tissues in the body, including platelets.136,139  MARCKS associated to the 

inner leaflet of platelet plasma membranes may also be localized to the outer 

membrane surface during platelet activation, and could potentially have a physiologic 

role of modulating the platelet procoagulant response.  Future investigation will be 

needed to explore this hypothesis.  

Modulation of lipid protein interactions remains a challenging task and an 

essentially unexplored drug target.140  In addition to the lock and key-like interaction of 

lipid head groups with proteins, the lipid membrane also has colligative physical 

properties, such as lipid packing, bilayer thickness, or surface charge, that change the 

environment of the interaction.  PS binding proteins, such as annexin V and lactadherin, 
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have previously been shown to compete with coagulation factors for PS binding sites 

leading to inhibition of coagulation protein complex enzymatic activity.141-144  Compared 

to these proteins, the MARCKS ED peptide is significantly smaller in size, more readily 

chemically modified during solid phase peptide synthesis, and, in the D-amino acid 

form, more stable to proteolysis and likely less immunogenic.145  Perhaps most unique, 

the interaction between MARCKS ED and PS is not based on secondary or tertiary 

structure, but a primary structure-based interaction that occurs through a unique 

combination of peptide charge and hydrophobicity.116-118   Our work here shows that this 

comparatively simple interaction motif is sufficient to inhibit the interaction between a 

coagulation factor and PS, and also specific enough to localize to a remote 

intravascular injury in vivo. 

 

4.5 Methods 

4.5.1 Investigational peptides synthesis 

Peptides were synthesized using standard solid phase Fmoc chemistry on a 

Liberty microwave-assisted peptide synthesizer (CEM, Matthews, NC).  Fluorescently 

labeled peptides were produced by conjugating NBD (4-chloro-7-nitrobenzo-2-oxa-1,3-

diazole) via an aminohexanoic acid linker to the peptide N-terminus.  Crude peptide was 

purified by a 1200 Series reverse phase HPLC (Agilent Technologies, Santa Clara, CA) 

using a semi-prep C18 column and characterized using either a Voyager DE-STR 

MALDI-TOF mass spectrometer (Applied Biosystems, Grand Island, NY) or a Synapt 

G2 HDMS Q-TOF mass spectrometer (Waters, Milford, MA) fitted with an electrospray 
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ionization source.  HPLC peptide eluates were collected, lyophilized to dryness, and 

stored at -20 °C.   

 

4.5.2 Serum stability 

 The serum stability of L- and D-MARCKS ED was measured as in a previously 

described protocol.146  Briefly, 100 µg ml-1 L- or D-MARCKS ED was incubated at 37 °C 

in RPMI 1640 medium (Fisher Scientific, Pittsburgh, PA) supplemented with 25% (v/v) 

pooled normal human serum (Innovative Research, Novi, MI).  At specific time points, 

the reaction was subsampled and a trichloroacetic acid solution was added to a final 

concentration of 5% (w/v).  Each subsample mixture was cooled for 15 min at 4 °C, then 

centrifuged at 16,000g for 4 min to precipitate the serum proteins.  The resulting 

supernatant was analyzed with a 1200 Series reverse phase HPLC (Agilent 

Technologies) using a semi-prep C18 column.  Non-degraded peptide was quantified by 

setting the UV-visible HPLC detection to 480 nm and integrating the chromatogram 

peaks with retention times matching that of the whole peptide (39 to 40 min).  Peaks at 

480 nm are due to the absorbance NBD fluorophore label.  Subsamples from serum 

mixtures without added MARCKS ED showed no peaks in this retention time range. 

 

4.5.3 Synthetic liposome preparation 

 Synthetic liposomes were prepared using a modified version of a previously 

described method.147  Briefly, chloroform suspended 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine 

(POPE), and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) (Avanti Polar 
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Lipids, Alabaster, AL) were combined to form lipid mixtures of the described molar 

ratios.  Lipid solutions were then dried to a thin film under a slow N2 flow and vacuum 

desiccated for 1 hour.  Lipid films were resuspended in HBS buffer (10 mM HEPES, 

0.15 M NaCl, pH 7.4) containing 2 mM CaCl2.  Homogenously sized liposomes were 

formed by extruding the lipid solutions through polycarbonate track etched membranes 

(GE Healthcare, Pittsburgh, PA) with pore sizes of 30, 100, and 400 nm using a 

LiposoFast FL-50 extruder (Avestin, Ottawa, Canada).  Extruded liposome sizes were 

characterized by nanoparticle tracking analyses using a NanoSight LM14 (Malvern 

Instruments, Malvern, United Kingdom).   

 

4.5.4 Surface plasmon resonance 

 The effect of D-MARCKS ED on FXa binding to phosphatidylserine was 

assessed by SPR with Biacore 3000 (GE Healthcare) and 404pi (BiOptix, Boulder, CO) 

instruments.  All experiments were run with HPP (alkyl-SAM) sensor chips (XanTec, 

Duesseldorf, Germany) in HBS running buffer containing 2 mM CaCl2.  500 µM 

liposome solutions were prepared and extruded through 100 nm pore size 

polycarbonate membranes as described above.  After thorough flushing of the SPR 

instrument flow system and needles with 40 mM octyl glucoside (Sigma-Aldrich, St. 

Louis, MO) and running buffer, 150 µl of liposome solution was injected at a flow rate of 

5 µl min-1 to coat the HPP sensor chip surface. Membrane surface formation was 

verified by injecting 50 µl of 0.1 mg ml-1 BSA at a flow rate of 5 µl min-1, where 

accumulation of less than 100 response units (RU) of BSA indicated formation of a 

complete self-assembled lipid monolayer.148  Liposomes composed of 
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POPC/POPS/POPE at a 3/5/2 molar ratio were used to form the experimental flow cell.  

The control flow cell, used for reference correcting, was formed with liposomes 

composed of only POPC.  A flow cell coated only with BSA was used to verify that the 

peptides and proteins did not associate to the adsorbed BSA.   

All subsequent injections were done at a flow rate of 60 µl min-1.  Each 

competition experiment followed the same injection series; a 90 µl injection of either 

running buffer or 1 µM D-MARCKS ED, C2BL3-L, or annexin V (BioVision, Milpitas, 

CA), a 160 sec wait, followed by a 50 µl injection of 50 nM FXa (Haematologic 

Technologies, Essex Junction, VT).  Complete regeneration of the membrane surface 

after injection of FXa was achieved with 10 µl of 2.5 M NaCl.  Regeneration of the 

membrane surface after injection of D-MARCKS ED was not possible without using 

more stringent regeneration conditions that also partially removed the lipid surface.  We 

therefore completely stripped the surface with 40 mM octyl glucoside and formed the 

membrane surface anew after each injection series of investigational peptide or protein.  

The absolute FXa binding response varied with each new membrane surface.  As a 

result, investigational peptide or protein FXa binding inhibition was only calculated as 

compared to the uninhibited FXa binding response over the same formed membrane 

surface.  Sensograms were analyzed with Scrubber2 (BioLogic Software, Campbell, 

Australia) using either reference correction to the only POPC surface to show the 

complete injection sequence (Fig. 4.1c), or a double referencing procedure for analysis 

of FXa response (Fig. 4.1d and Supplementary Fig. B.1).  Double referencing corrects 

the sensogram relative to both the response of the control flow cell and to buffer blank 

injections over the experimental flow cell.149  In the case of these experiments, this 
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corrects for the change in surface response to the buffer when it is pretreated with an 

investigational peptide or protein.  The maximum SPR response was determined by 

averaging over the last 5 sec of the FXa association in the double referencing corrected 

sensograms.  

 

4.5.5 Whole blood collection and platelet preparation 

Human whole blood was collected from healthy volunteers, as permitted by the 

Institutional Review Board at the University of Colorado Anschutz Medical Campus.  

Whole blood was collected by venipuncture into 3.2% sodium citrate.  Washed platelets 

were prepared from whole blood collected by venipuncture into 3.8% sodium citrate and 

acid-citrate-dextrose (ACD).  Platelet-rich plasma (PRP) was prepared by centrifugation 

of whole blood at 200g for 20 min.  Platelets were isolated from the PRP by 

centrifugation at 1000g for 10 min with 0.1 µg ml-1 prostacyclin (PGI2) (Sigma-Aldrich).  

The resulting pellet was resuspended with modified Tyrode’s buffer (129 mM NaCl, 20 

mM HEPES, 12 mM NaHCO3, 2.9 mM KCl, 1.0 mM MgCl2, 0.34 mM Na2HPO4, 5 mM 

glucose, pH 7.3), ACD, and 0.1 µg ml-1 PGI2.  Platelets were then washed by re-

pelleting at 1000g for 10 min and re-suspending with modified Tyrode’s buffer. 

 

4.5.6 Cell culture and exosome isolation 

 Biologic exosomes were isolated from MDA-MB-231 human breast cancer 

cells.  Cells were grown to approximately 80% confluency on a 10 cm tissue culture 

dish.  Culture media was then replaced with unsupplemented Dulbecco's modified 

Eagle's medium (Life Technologies, Grand Island, NY) and incubated for 2 days in a 1% 
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oxygen environment.  After incubation, exosomes were isolated from the cell media 

using Exoquick-TC (System Biosciences, Mountain View, CA) following the 

manufacturer’s standard protocol.  The concentration (2.62 ± 0.65 × 1011 particles ml-1) 

and mean size (187 ± 66 nm) of the isolated exosomes was determined by nanoparticle 

tracking analyses using a NanoSight LM14 (Malvern Instruments).   

 

4.5.7 Prothrombinase assay 

Effects on coagulation factor enzymatic activity were determined using a 

modification of a previously described prothrombinase assay.129,150  Washed human 

platelets (8 × 105 reaction-1) were incubated at 37 °C with either a buffer blank or 375 ng 

ml-1 convulxin (Centerchem, Norwalk, CT) and 5.0 nM thrombin (Haematologic 

Technologies) in modified Tyrode’s buffer containing 2.9 mM CaCl2 and 0.05% wt vol-1 

fatty acid-free bovine serum albumin (BSA).  After 7 min, 1 µM investigational peptide or 

protein, or a buffer blank, was added, followed 3 min later by bovine FXa (3 nM) and 

FVa (6 nM) (Haematologic Technologies).  1 min later, 4 µM bovine prothrombin 

(Enzyme Research Laboratories, South Bend, IN) was added.  After 4 min, the reaction 

mixture was subsampled into a Tris EDTA stop buffer (0.05 M Tris-HCl, 0.12 M NaCl, 2 

mM EDTA, pH 7.5).  The Vmax of the generated thrombin was determined 

chromogenically by adding 0.5 mM S-2238 substrate (DiaPharma, West Chester, OH) 

and measuring changes in absorbance at 405 nm over time using a Synergy 2 

microplate reader (BioTek, Winooski, VT).  Effects on the prothrombinase activity of 

liposomes (100 nM POPC/POPS at a 19/1 molar ratio) and MDA-MB-231 exosomes (7 

× 107 reaction-1) were examined with identical conditions omitting the addition of 
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convulxin and thrombin.  At these concentrations, uninhibited thrombin generation by 

the liposomes and exosomes approximately matched that of the activated platelets.  

The half maximal inhibitory concentration (IC50) was fit by plotting [peptide] as log 

values and fitting with a nonlinear least-squares best-fit analysis using the equation 

prothrombinase Vmax = Vmax
min + (Vmax

max - Vmax
min) / (1 + 10[Peptide] - logIC50). 

 

4.5.8 Flow cytometry 

Washed platelets were obtained from the whole blood as described above.  The 

platelets were resuspended in modified Tyrode’s buffer containing 2 mM CaCl2, 

counted, and diluted to 2x104 platelets μL-1.  Platelets were stimulated with either 1 IU 

ml-1 thrombin (Chrono-log, Havertown, PA), 250 ng ml-1 convulxin (Centerchem), 1 IU 

ml-1 thrombin and 250 ng ml-1 convulxin, or left unstimulated for 10 min at room 

temperature.  Platelets were then incubated for 30 min with Brilliant Violet 605 anti-

human CD62P antibody (BioLegend, San Diego, CA), Cy5 annexin V (BD Biosciences, 

San Jose, CA), and 1 μM NBD labeled D-MARCKS ED peptide.  The samples were 

then immediately fixed in 1% paraformaldehyde, diluted, and analyzed on a MoFlo 

Astrios EQ flow cytometer (Beckman Coulter, Brea, CA) with appropriate color 

compensation.                                                                                                                                                                                                                                                                                                                                                                       

 

4.5.9 Whole blood microfluidic flow assay 

Effects on whole blood platelet activation and accumulation, as well as fibrin 

formation, were examined using a modification of a previously described microfluidic 

flow assay.126  A custom polydimethylsiloxane microfluidic flow device containing four 
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channels, each with a height of 100 µm and width of 500 µm, was vacuum mounted to a 

glass slide patterned with a type I fibrillar collagen strip (Chrono-log).  The microfluidic 

flow device channels were oriented perpendicular to the patterned collagen strip, 

resulting in a 50 µm patch of collagen across the width of each channel.  Whole blood 

was labeled with a Pacific Blue anti-human CD41 antibody (BioLegend) for 10 min, 

followed by the addition of 30 µg ml-1 Alexa Fluor 647 human plasma fibrinogen 

conjugate (Life Technologies) and either 1 µM NBD labeled investigational peptide, 1 

µM annexin V (BioVision), or 15 USP ml-1 heparin.  Immediately before the assay, the 

whole blood mixture was recalcified to 7.5 mM CaCl2.  The whole blood was then pulled 

through the device channels for 10 min at wall shear rate 100 s-1 using a PhD Ultra 

syringe pump (Harvard Apparatus, Holliston, MA).  Platelet aggregation, fibrin formation, 

and peptide accumulation were captured in real time by epifluorescence microscopy 

using an IX81 inverted microscope with a 40x objective (Olympus Equipment, Center 

Valley, PA) equipped with an Orca-R2 16-bit CCD camera (Hamamatsu, Bridgewater, 

NJ).  Fluorescence intensities and platelet surface area coverages were measured 

using ImageJ (NIH, Bethesda, MD).   

 

4.5.10 Electron microscopy 

Thrombi formed in the microfluidic flow assay were prepared as previously 

described and imaged with a JSM-7000F scanning electron microscope (JEOL, 

Peabody, MA) at a working distance of 6 mm and accelerating voltage of 1.5 kV.151  
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4.5.11 Intravital microscopy 

This procedure was performed essentially as described previously, and approved 

by the Institutional Animal Care and Use Committee of the University of 

Pennsylvania.127  Briefly, male mice 8-12 weeks of age were anesthetized via 

intraperitoneal injection of ketamine/xylazine/acepromazine (100/10/2 mg kg-1).  A 

cannula was introduced into the jugular vein for delivery of fluorescently labeled 

antibodies and peptides, and additional anesthetic as needed.  The cremaster muscle 

was exteriorized, cleaned of connective tissue, opened and spread flat on the glass 

coverslip of a custom built chamber for viewing by intravital microscopy.  The cremaster 

preparation was continuously superfused with bicarbonate buffer warmed to 36.5 °C 

and bubbled with 95% N2 / 5% CO2.  The cremaster microcirculation was visualized 

using a BX61WI upright microscope with a 60X (0.9 NA) water immersion objective 

(Olympus Equipment), coupled to a CSU-X1 spinning disk confocal scanner 

(Yokogawa, Japan).  Diode pumped solid state lasers (488 nm, 568 nm, 640 nm) with 

AOTF control (LaserStack, Intelligent Imaging Innovations, Denver, CO) were used as 

the fluorescence excitation light source.  Confocal fluorescence images were acquired 

using an Evolve EM-CCD digital camera (Photometrics, Tucson, AZ).  The microscope, 

confocal scanner, lasers and camera were all controlled and synchronized using 

SlideBook 6.0 image acquisition and analysis software (Intelligent Imaging Innovations).  

30-40 µm diameter arterioles with unperturbed blood flow were selected for study.  

Vascular injury was induced with a pulsed nitrogen dye laser at 440 nm (NL100, 

Stanford Research Systems, Sunnyvale, CA) focused on the vessel wall by the 

microscope objective.  The laser power was set to 55-65% and the laser fired at the 
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vessel wall until a small number of red blood cells exited the lumen of the vessel (1-10 

laser pulses).  Anti-CD41 F(ab)2 fragments (0.12 µg g-1; clone MWReg30, BD 

Biosciences), and anti-fibrin antibody (0.2 µg g-1; clone 59D8) were infused 

intravenously via the jugular vein to label platelets and fibrin, respectively.  Antibodies 

were labeled with Alexa Fluor 568 and 647 monoclonal antibody labeling kits according 

to the manufacturers instructions (Life Technologies).  NBD labeled D-MARCKS ED or 

C2BL3-L peptide (5 mg kg-1) were infused at the same time as the antibodies and 

imaged in the 488 nm excitation channel. 

 

4.5.12 Statistical analysis 

All plots and statistical analyses were performed with Prism 6 (GraphPad, La 

Jolla, CA).  Results are presented as means ± s.d. unless otherwise noted.  

Comparisons between two groups were performed with either two tailed Student’s t-

tests or Mann-Whitney tests.  Multiple comparisons between more than two normally 

distributed groups were performed with one-way analysis of variance (ANOVA) with 

Dunnett’s post hoc test.  For all cases, P < 0.05 were considered to be significant. 
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Chapter 5 

 

 

Conclusions and future directions 

 

 

5.1 Conclusions 

In this work, I have examined the importance of the lipid membranes of 

extracellular vesicles and platelets.  I have shown that basic properties of these 

membranes, such as lipid composition or membrane shape, can modulate the 

biophysical interactions of lipids within the membrane, between different membrane 

surfaces, and of proteins to the membrane surface.   

I first highlighted the fundamental biology of extracellular vesicles and addressed 

how basic biophysical properties, e.g., size dependent diffusion coefficient or lipid 

packing, can be used for detection and targeting of these vesicles.   

Next, I studied the relationship between membrane shape and molecular 

interactions of lipids within the membrane utilizing all-atom molecular dynamics 

simulations.  In previous molecular dynamics simulations, membrane curvature has 

been induced through interactions of the membrane with a curvature inducing protein.81  

This results in a membrane with a single radius of curvature that cannot stably exist in 

the absence of the protein or a physical constraint.  I demonstrated that increasing the 
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lateral density of a bilayer lipid membrane can induce the membrane to form a curved 

shape.  The radius of the curvature of these membranes is proportional to the amount 

the area per lipid is perturbed from its equilibrium value.  This method provides a means 

to generate membranes in molecular dynamic simulations in a range of shapes that 

recreate important biophysical properties of curved membranes, such as lipid packing 

defects in the membrane surface.   

To investigate the effect of curvature on membrane-membrane interactions, I 

adapted theoretical models of membrane forces to examine the membrane-membrane 

interactions of extracellular vesicles.  I used these models to address fundamental 

questions about how extracellular vesicles signal.  My theoretical estimates suggested 

that smaller extracellular vesicles (exosomes), are more likely to signal via endocytosis, 

while larger extracellular vesicles (microvesicles), are more likely to interact via a 

vesicle-ligand cell-receptor interaction.  Additionally, I proposed a potential mechanistic 

explanation for the role of polymer depletion forces in extracellular vesicle isolation and 

purification.  

Finally, I examined experimentally how blocking platelet lipids can influence the 

assembly and enzymatic activity of lipid dependent coagulation protein complexes.  

When platelets become activated during hemostasis or thrombosis, they undergo 

changes in membrane shape and expose the lipid phosphatidylserine on their outer 

membrane leaflet.  Using peptides derived from the effector domain of the protein 

MARCKS, I showed that a peptide can target phosphatidylserine exposed on activated 

platelets and thereby inhibit the platelet procoagulant response.  I found that this 

inhibition occurs through antagonizing the binding and assembly of enzymatically active 
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coagulation protein complexes on platelet phosphatidylserine.  Using a whole blood 

microfluidic flow assay that recapitulates physiologic thrombus formation conditions, I 

found that the MARCKS peptides could bind platelets in whole blood and inhibit the 

formation of fibrin, the end product of the coagulation cascade.  Although I did not 

observe similar fibrin formation inhibition in vivo, I did find that the D-MARCKS ED 

peptide could travel through the circulatory system and bind to activated platelets in the 

core of a remote thrombus.   

Considered together, this work further defines the membrane not just as a 

container to localize contents, or as a holder of transmembrane proteins, but as a 

significant driver of the biologic processes of extracellular vesicles and platelets through 

the properties of membrane shape and lipid composition. 

 

5.2 Future directions 

5.2.1 Molecular dynamics simulations of proteins with curved membrane 

In Chapter 2, I demonstrated a new method for inducing membrane curvature in 

molecular dynamics simulations.  These curved membranes should be validated by 

simulating the membranes with known curvature binding peptides or proteins, e.g., 

endophilin or MARCKS ED.57, 81  Observation of the binding of these proteins to the 

membranes through previously described insertion of hydrophobic residues into lipid 

packing defects is a necessary step in confirming that the lipid membrane environment 

mimics that found in other experiments.81,120  The membranes could then be used to 

design and test in silico new membrane curvature binding peptides or proteins using 
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umbrella sampling, or as a means to study the interactions of existing curvature sensing 

proteins and peptides with curved membranes at molecular detail.   

 

5.2.2 Experimental studies of extracellular vesicles interacting with supported 

lipid bilayers 

The theoretical estimates of extracellular vesicle interaction energies and bond 

lifetimes introduced in Chapter 3 should also be confirmed experimentally.  Work is 

currently ongoing to measure single liposome and biologic exosome binding events to 

supported bilayer membranes using total internal reflection fluorescence (TIRF) 

microscopy.  The intrinsic bond lifetimes found in these experiments could be compared 

to the theoretical estimates, and used to refine the current model.  Variation of the lipid 

composition of the synthetic elements (the liposomes and supported bilayer) could also 

be used to further characterize the contribution of electrostatics to the interactions.  

 

5.2.3 Further in vivo coagulation model studies with MARCKS ED  

From a biotechnology development standpoint, the central remaining question 

with MARCKS ED is application.  Previous work has shown the potential of MARCKS 

ED to label extracellular vesicles.57  However, applications of this property to biomarker 

or biodelivery functions have yet to be proven.  In the context of platelets and blood 

coagulation, I found that D-MARCKS ED was a potent inhibitor of the 

phosphatidylserine dependent coagulation protein complex prothrombinase in vitro, but 

did not observe similar potency in vivo.  It remains an outstanding question whether the  
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lack of fibrin formation inhibition seen in vivo was due to insufficient localized 

concentration of D-MARCKS ED at the injury site, or represents a fundamental 

difference in the physiologic mechanism of clot formation in the intravital laser induced 

injury model.  These questions could be clarified by future in vivo experiments using a 

higher dose of D-MARCKS ED, as well as in vivo models where coagulation is more 

likely to be induced through the contact activation pathway, rather than the tissue factor 

pathway, e.g., femoral artery injuries.   

Additionally, conjugation of a near-infrared fluorescent dye to MARCKS ED could 

enable the use of in vivo fluorescence imaging methods to help determine if MARCKS 

ED localizes to other sites, most importantly the blood filtering organs (kidney, spleen, 

or liver).  Such localization of MARCKS ED may reduce the effective concentration of 

the peptide at the injury site.  Chemical modifications of MARCKS ED that increase the 

ease of synthesis, or potency of the peptide as a phosphatidylserine antagonist, should 

also be explored.  Synthesis and studies of variations of the MARCKS ED peptide, such 

as truncation into smaller fragments or incorporation of an unnatural peptide backbone, 

are currently ongoing in the Yin lab.   

Finally, the question remains if the antagonism of phosphatidylserine by full 

length MARCKS has a biologic function.  For example, does endogenously expressed 

MARCKS protein in platelets find a way to the outer membrane leaflet during platelet 

activation and tamper the platelet procoagulant response?  To obtain platelets that do 

not contain MARCKS, a MARCKS knockout mouse (lethal in the homozygous form) or 

cultured megakaryocytes with knocked down, or knocked out, MARCKS expression 
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would be needed.56  Experiments similar to those presented in Chapter 4 could then be 

repeated with the MARCKS deficient platelets. 
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Appendix A 

 

 

Supporting Information - Changes in lipid density induce membrane curvature 

 

 

This appendix contains supporting information that has been published as de Jesus, A. 

J.*, Kastelowitz, N*. & Yin, H. Changes in lipid density induce membrane curvature. 

RSC Adv. 3, 13622 (2013). * These authors contributed equally to this work. 
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A.1 Supplementary figures and tables 

 
 
 
 
 
 
 
 
 

System 1    

POPS 
Concentration 

No. of 
POPS per 

leaflet 
No. of 
waters 

Total No. of 
atoms 

0% PS 0 28877 153889 
5% PS 13 28842 153600 

10% PS 25 28715 153051 
15% PS 38 28549 152369 
20% PS 50 28649 152501 

    
System 2    

POPS 
Concentration 

No. of 
POPS per 

leaflet 
No. of 
waters 

Total No. of 
atoms 

0% PS 0 28961 154141 
5% PS 13 28848 153618 

10% PS 25 28651 152859 
15% PS 38 28550 152372 
20% PS 50 28394 151736 

 
 

 
Supplementary Table A.1.  Characteristics of the simulated membrane systems.  The 
POPS concentration refers to the percentage of POPS molecules in each individual 
simulation. 
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Supplementary Figure A.1.  Time series of the radius of curvature for the simulation 
systems with 15% PS. 
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Supplementary Figure A.2.  Time series of the radius of curvature from the beginning 
of bilayer compression for the simulation systems with 15% PS.  The insets show the 
radius of curvature during the early stages of compression. 
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A.2 Supplementary video legends 

 

 

 
 
 
Supplementary Video Legends A.1-3.  Movies showing the compression of the 15% 
PS bilayer systems.  The movies show approximately 12 ns of simulation: 2 ns of 
dynamics of the flat membrane, ~45 to 65 ps of compression, and 10 ns of dynamics of 
the curved bilayers.  In the portions showing the molecular dynamics of the flat and 
curved bilayers, the time gap between each movie frame is 20 times longer than that of 
the compression portion.  Video A.1 corresponds to the sc84 system, A.2 to sc80, and 
A.3 to sc76.  
 

 

 

A.1

A.2

A.3
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Appendix B 

 

 

Supporting Information - Peptides derived from MARCKS block coagulation 

protein complex assembly on phosphatidylserine and inhibit fibrin formation 
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B.1 Supplementary figures 

 
 
 
 
 

 
 
Supplementary Figure B.1.  SPR sensograms of FXa binding response corrected by 
double referencing.  In each panel, the dashed black lines show an injection of 50 nM 
FXa at t = 300 sec that was preceded by an injection of running buffer at t = 30 sec.  
Following complete dissociation of FXa from the membrane surface, the solid colored 
lines show an injection of 50 nM FXa at t = 300 sec that was preceded by an injection of 
1 µM D-MARCKS (a,b), annexin V (c), or C2BL3-L (d) at t = 30 sec (n = 3).  Sensogram 
in (a) was obtained with a Biacore 3000 instrument.  Sensograms in (b-d) were 
obtained with a BiOptix 404pi instrument. 
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Supplementary Figure B.2.  Representative size distributions of prothrombinase assay 
biologic microparticles and synthetic liposomes characterized by nanoparticle tracking 
analysis.  (a) Microparticles isolated from MDA-MB-231 human breast cancer cells.  (b) 
Liposomes composed of POPC/POPS at a 19/1 ratio extruded through 100 nm pore 
size polycarbonate membranes. 
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Supplementary Figure B.3.  Representative flow cytometry scatter plots comparing 
platelet annexin V (Brilliant Violet 605) or D-MARCKS ED (NBD) fluorescence intensity 
to P-selection (Cy5) fluorescence intensity when the platelets were left unstimulated or 
stimulated with thrombin, convulxin, or thrombin and convulxin (n = 6). 

Unstimulated

Thrombin

Convulxin

P-
se

le
ct

in
 (C

y5
)

Thrombin & Convulxin

10-1

100

101

102

103

D-MARCKS ED (NBD)Annexin V (Brilliant Violet 605)
10-1 100 101 102 103 10-1 100 101 102 103

P-
se

le
ct

in
 (C

y5
)

10-1

100

101

102

103

P-
se

le
ct

in
 (C

y5
)

10-1

100

101

102

103

P-
se

le
ct

in
 (C

y5
)

10-1

100

101

102

103



 98 

 
 
 
 
 

 
 
Supplementary Figure B.4.  Flow cytometry histograms of platelet (a) annexin V 
(Brilliant Violet 605) and (b) D-MARCKS ED (NBD) fluorescence intensity when 
platelets were left unstimulated (red) or stimulated with thrombin (blue), convulxin 
(green), or thrombin and convulxin (purple) (n = 6). 
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Supplementary Figure B.5.  Time course comparing whole blood microfluidic flow 
assay peptide NBD fluorescence intensity (a-c), platelet surface area coverage, and 
fibrin(ogen) intensity for vehicle control to treatment with 1 µM L-MARCKS ED (a), 
C2BL3-L (b), L-MARCKS ED FA mutant (c), annexin V (d), or 15 USP ml-1 heparin (e) 
(n = 6, mean ± s.d.). 
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Supplementary Figure B.6.  Final peptide NBD fluorescence intensity values for each 
treatment in the microfluidic flow assay (n = 6, mean ± s.d.).  *** P < 0.001 compared to 
vehicle control by one-way analysis of variance (ANOVA) followed by Dunnet’s post hoc 
test. 
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Supplementary Figure B.7.  Fibrin lag time, defined as time to 20 µm2 fibrin area, in 
the murine intravital laser-induced microvascular injury model when treated with 5 mg 
kg-1 negative control C2BL3-L or D-MARCKS ED (n = 33 thrombi from 4 mice).  
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B.2 Supplementary video legends 

 
 
 
Supplementary Video Legend B.1.  Representative video of platelet accumulation and 
fibrin formation in the whole blood microfluidic flow assay following addition of vehicle 
control.  Platelets are labeled with a Pacific Blue anti-human CD41 antibody and shown 
in blue.  Fibrin(ogen) is labeled with Alexa Fluor 647 and shown in red.  Video shows a 
10-minute time course.  Scale bar, 50 μm.  (See main Fig. 4.3). 
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Supplementary Video Legend B.2.  Representative video of platelet accumulation, 
fibrin formation, and peptide labeling in the whole blood microfluidic flow assay following 
addition of D-MARCKS ED peptide.  Platelets are labeled with a Pacific Blue anti-
human CD41 antibody and shown in blue.  Fibrin(ogen) is labeled with Alexa Fluor 647 
and shown in red.  D-MARCKS ED is labeled with NBD and shown in green.  Video 
shows a 10-minute time course.  Scale bar, 50 μm.  (See main Fig. 4.3). 
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Appendix C 

 

 

Comparing residue clusters from thermophilic and mesophilic enzymes reveals 

adaptive mechanisms 

 

 

This appendix contains text and figures that have been published as Sammond, D. W., 

Kastelowitz, N., Himmel, M. E. & Yin, H. Comparing Residue Clusters from 

Thermophilic and Mesophilic Enzymes Reveals Adaptive Mechanisms. PLoS ONE 11, 

e0145848 (2016).   

 

C.1 Abstract 

Understanding how proteins adapt to function at high temperatures is important 

for deciphering the energetics that dictate protein stability and folding.  While multiple 

principles important for thermostability have been identified, we lack a unified 

understanding of how internal protein structural and chemical environment determine 

qualitative or quantitative impact of evolutionary mutations.  In this work we compare 

equivalent clusters of spatially neighboring residues between paired thermophilic and 

mesophilic homologues to evaluate adaptations under the selective pressure of high 

temperature.  We find the residue clusters in thermophilic enzymes generally display 
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improved atomic packing compared to mesophilic enzymes, in agreement with previous 

research.  Unlike residue clusters from mesophilic enzymes, however, thermophilic 

residue clusters do not have significant cavities.  In addition, anchor residues found in 

many clusters are highly conserved with respect to atomic packing between both 

thermophilic and mesophilic enzymes.  Thus the improvements in atomic packing 

observed in thermophilic homologues are not derived from these anchor residues but 

from neighboring positions, which may serve to expand optimized protein core regions.  

 

C.2 Contributions 

This research was done in collaboration with scientists at the National 

Renewable Energy Laboratory in Golden, Colorado.  My contributions were principally 

identification of enzyme families, using computational structural bioinformatics methods 

to compare structures and residue clusters, and analysis of the results.   Our results 

demonstrated that thermophilic proteins show improved residue packing around 

conserved anchor residues when compared to their mesophilic counterparts.  This may 

explain the observed differences in stability and optimum activity temperatures of these 

proteins, and provide a targetable element for improving the thermostability of existing 

mesophilic enzymes that do not exist in thermophilic form.   Pertinent figures relevant to 

these contributions are included below.  Further results and discussion can be found in 

the published paper.152 
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C.3 Supplementary figures and tables 

 

 

 
 
 
 
Supplementary Figure C.1.  Identifying equivalent clusters in homologous proteins 
allows for direct comparison of local environments. (A) A cartoon depiction of cluster of 
adjacent residues is shown (red circle). (B) Structural alignment of paired enzymes is 
shown, with PDB 1vbr in orange and 2uwf in gray. The structurally aligned residues for 
the paired enzymes are shown beneath. (C) Differences in atomic packing are depicted 
with alternate sequences shown in stick and sphere representation on PDB 2wva.  
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Supplementary Figure C.2.   Thermophilic enzyme clusters display closer atomic 
packing compared to mesophilic enzyme clusters for most enzyme pairs evaluated. (A) 
SASA1.4 values for clusters from the representative thermophilic-mesophilic structure 
pairs are shown, with thermophilic clusters shown in red, mesophilic clusters in green 
and the difference, ΔSASA1.4, in blue. Values are sorted by ΔSASA1.4. (B) SASA1.4 
values are shown comparing clusters from the thermophilic (PDB 1a5z) and mesophilic 
(PDB 6ldh) lactate dehydrogenase enzymes, which have a difference in optimum 
activity temperature of 30°C. (C) the thermophilic (PDB 1a5z) and mesophilic (PDB 
5ldh) lactate dehydrogenase enzymes, with a difference in optimum activity temperature 
of 48°C, (D) and the thermophilic (PDB 1a5z) and psychrophilic (PDB 1ldh) lactate 
dehydrogenase enzymes, with a difference in optimum activity temperature of 70°C.  
 

Further, while only smaller void volumes are observed in thermophilic residue clusters from
every family evaluated here, improved atomic packing between equivalent thermophilic and
mesophilic clusters is not observed for all pairs of homologous proteins. For example,

Fig 3. Thermophilic enzyme clusters display closer atomic packing compared to mesophilic enzyme clusters for most enzyme pairs evaluated. (A)
SASA1.4 values for clusters from the representative thermophilic-mesophilic structure pairs are shown, with thermophilic clusters shown in red, mesophilic
clusters in green and the difference, ΔSASA1.4, in blue. Values are sorted by ΔSASA1.4. (B) SASA1.4 values are shown comparing clusters from the
thermophilic (PDB 1a5z) and mesophilic (PDB 6ldh) lactate dehydrogenase enzymes, which have a difference in optimum activity temperature of 30°C. (C)
the thermophilic (PDB 1a5z) and mesophilic (PDB 5ldh) lactate dehydrogenase enzymes, with a difference in optimum activity temperature of 48°C, (D) and
the thermophilic (PDB 1a5z) and psychrophilic (PDB 1ldh) lactate dehydrogenase enzymes, with a difference in optimum activity temperature of 70°C.

doi:10.1371/journal.pone.0145848.g003
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Supplementary Table C.1.   Comparing void volumes, as determined by ΔSASA1.4 
and residue contact number, and percent sequence identity for paired clusters.  

 


